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Pseudomorphic mineral replacement reactions occur in numerous geological processes 
(e.g. metamorphism, metasomatism, ore deposition, and chemical weathering) and anthropogenic 
processes (e.g., reservoir acidification, CO2 sequestration, acid mine drainage, materials syntheses, 
and minerals processing). Therefore, the understanding of the mechanism and kinetics of these 
reactions is important not only to geosciences but also to industrial applications. These reactions 
involve the replacement of a primary mineral by a product mineral in the presence of a fluid phase, 
with the product mineral preserving the external dimension of the primary mineral. In the early 
years, solid-state diffusion (SSD) was proposed as the main mechanism for such reactions, while 
over the past 20 years the importance of coupled dissolution-reprecipitation (CDR) mechanism 
has been recognized, especially at low temperatures when SSD is assumed to be a very slow 
process. However, it has recently been recognized that in some mineral replacement reactions the 
rate of solid-state diffusion can be comparable to the rate of dissolution-reprecipitation, and hence 
complex mineral textures can be produced from a synergy between SSD and fluid-mediated CDR 
processes. The interplay between SSD and CDR mechanisms has profound implications in our 
interpretations of petrological and geological observations, yet it has not been adequately studied 
so far. Also, the role of the bulk hydrothermal fluids in the formation of lamellae textures by solid-
state diffusion process in parent phases that are free of fluid inclusions is still not well elucidated. 
These and other issues were addressed in this present study. 
Thus, to better understand the interaction between SSD and CDR reactions, the 
replacement of bornite (Cu5FeS4) by copper sulphides was used as a model system. In the present 
thesis, a series of experimental studies have been conducted into the mineral replacement reactions 
of bornite by copper sulphides to obtain an insight into the kinetics and mechanisms of the 
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replacement reactions, as well as the formation and evolution of porosity during the replacement 
reactions. The outcomes of these sets of experiments are summarised below: 
In Chapter 2, the hydrothermal dissolution and replacement of bornite by copper sulphides 
was studied experimentally in pH 1 solutions at three temperatures (160, 180 and 200 °C) under 
anoxic conditions, and the effects of background additives (Na2SO3, CuSO4, CuCl2 and CuCl) on 
the replacement pathway were established.  
The results revealed that the reaction firstly involved the decomposition of bornite to form 
chalcopyrite (CuFeS2) lamellae and digenite-I (Cu9S5) via fluid-induced solid-state diffusion (FI-
SSD) of Fe3+ from bornite structure. As the reaction progresses, chalcopyrite was later replaced by 
the second generation of digenite (digenite-II). Subsequently, both digenite-I and -II were replaced 
by covellite (CuS) and/or chalcocite (Cu2S) via the CDR reaction mechanism, depending on the 
experimental conditions. In addition, nantokite (CuCl) and atacamite (Cu2Cl[OH]3) formed due to 
the reaction between the dissolved copper with Cl-rich hydrothermal fluids. The observed 
replacement reactions at the rim and along fractures, the preservation of the external shape of the 
original bornite grain, and the presence of porosity in the product phase are characteristic features 
of the CDR mechanism. 
The first critical finding from this set of experiments is the fluid-induced exsolution of 
chalcopyrite lamellae and digenite from bornite. This is because the exsolution rate and lamellae 
size were sensitive to the composition of the fluids, and no exsolution was observed in the heating 
experiment in the absence of fluid. This FI-SSD mechanism is made possible by the near-identical 
topology of the crystal structure of bornite, chalcopyrite and digenite. Secondly, the replacement 
of bornite is multi-step but proceeds via different pathways under the various conditions studied. 
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The interplay between the FI-SSD and CDR mechanisms resulted in complex reactions which 
cannot be easily predicted empirically.  
In Chapter 3, a combined kinetic, textural and mineralogical study of the replacement of 
bornite by copper sulphides under oxic conditions is presented, in order to obtain insights into the 
competing reactions between FI-SSD and CDR reactions under oxic conditions. The mechanism 
and kinetic behaviour of the reactions were described by exploring the effects of key variables 
including pH (1-6), temperature (160, 180 and 200 °C) and time on the reaction kinetics, and on 
the evolution of mineralogy and sample textures.  
Like the anoxic experiments, the resulting textures under oxic conditions also revealed the 
interplay between the FI-SSD and CDR mechanisms during the replacement of bornite. However, 
the most important distinctive difference from the anoxic conditions is that the ICP-OES results 
suggests both Cu and Fe removal into the solution at pH 1, and predominantly Cu-removal at pH 
2, 3 and 5 during the FI-SSD under oxic conditons as against predominantly Fe-removal under 
anoxic condtions.  
The kinetic behaviour shows a complex dependence on various physical and chemical 
parameters including temperature, pH and contact time. For example, the result revealed that the 
reaction rate increases with temperature at pH 1 to 3, and decreases with temperature at pH 4 to 6. 
This change in reaction trend is linked to a change in the rate-limiting step of the reaction. For the 
effect of pH, the rate decreases with increasing pH from 1 to 6 at 180 and 200 °C, while the results 
show a complex effect of pH at 160 °C.   
There are several important findings from Chapter 3: (1) the dissolution and the 
replacement of bornite under oxic conditions not only changed with pH but also with temperature, 
(2) bornite is relatively kinetically stable at higher pH 4-6, while pervasive fast 
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replacement/dissolution of bornite was observed at lower pH (1-3), and (3) the exsolution rate and 
lamellae distribution is dependent on pH, indicating a FI-SSD mechanism.  
In Chapter 4, the formation and evolution of porosity during the replacement of bornite by 
copper sulphides under anoxic and oxic conditions were monitored using combined (ultra) small-
angle neutron scattering (USANS/SANS) measurements and microscopic textural examinations. 
The USANS/SANS measurements were carried out under both dry conditions and after filling the 
open pores with contrast matching D2O-H2O fluid, which made it possible to differentiate open 
pores from closed pores.   
The reactions created pores in the product phases, and all samples contained pores with 
very broad size distributions from nano to micrometre. Nearly all small pores (<20 nm) were 
closed while larger pores were mostly open. The textures resulted from the FI-SSD process are 
largely non-porous, while the products from CDR reactions presents high porosity. Porosity 
generation in the product phase(s) is due to molar volume and relative solubility differences 
between the parent and the replacing phase. Porosity dropped at the initial stage of the reaction, 
but increased again with the progressive replacement, reaching a maximum at complete 
replacement, and then porosity slowly dropped again, showing porosity creation during the 
replacement and evolution after the replacement reaction. Therefore, this study provides another 
experimental evidence demonstrating the transient and dynamic nature of porosity during mineral 
replacement reactions. Porosity coarsening also occurred during and after replacement reactions, 
likely driven by surface energy minimization via Ostwald ripening.  
Overall, this experimental study provides new insights into the physical chemistry of 
bornite replacement in nature. The documented mineralogical and textural differences could be 
used as one of the paleoproxies of the chemistry (including pH) and temperature of the fluids 
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responsible for the alteration of copper minerals and remobilization of metals in ore deposits. 
Particularly, this study shows that mineral replacement can proceed via the synergy between SSD 
and CDR mechanisms; this happens at geologically low temperatures (≤200˚C) in the 
chalcogenide systems under both anoxic and oxic conditions, and may be used to interpret 
observations in other mineral systems such as the silicate systems at amphibolite or eclogitic 
metamorphic grades. This study also provides insights about porosity formation and evolution in 
copper-iron sulphides interacting with hydrothermal fluids, and how different reaction 
mechanisms contributes to porosity evolution, suggesting that mineral porosity can evolve and 
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Chapter 1: Introduction 
1.1. Background 
Mineral replacement reaction is a common phenomenon in natural system, and it can occur 
whenever a mineral is not in equilibrium with the surrounding fluids (Putnis and Mezger, 2004). 
Mineral replacement reaction often involves the replacement of one mineral by another, with the 
product mineral preserving the external dimension of the primary mineral (e.g. González-Illanes 
et al., 2017; Kasioptas et al., 2008; Pedrosa et al., 2016a; Pina, 2019; Xia et al., 2009a). 
Pseudomorphic mineral replacement reactions play important roles in numerous geochemical 
processes (e.g. metamorphism, metasomatism, chemical weathering, and reactive transport and 
ore deposition) and anthropogenic processes (e.g., reservoir acidizing, CO2 sequestration, acid 
mine drainage, contaminant mobility, bioremediation, glass corrosion, materials syntheses, and 
mineral processing) (Brugger et al., 2010; Geisler et al., 2019; Kartal et al., 2019; Noiriel, 2015; 
Nikkhou et al., 2020a, 2020b; Weber et al., 2019). Hence, understanding the mechanism and 
kinetics of the replacement of one mineral by another and the role of fluids is extremely important 
and has many implications for natural geological and industrial processes. 
In the early years, solid-state diffusion (SSD) was proposed as the main mechanism for 
mineral replacement reactions, but over the past 20 years the importance of the coupled 
dissolution-reprecipitation (CDR) mechanism has been recognized (e.g. Altree-Williams et al., 
2015; Putnis, 2002; Putnis, 2009; Putnis and Putnis, 2007; Ruiz-Agudo et al., 2014). In the 
presence of fluid phase and at low temperature (e.g., <300 °C), CDR is the predominant mineral 
replacement mechanism because, in most minerals, solid-state diffusion is slow at low 
temperatures relative to dissolution/precipitation (Altree-Williams et al., 2015; Zhao et al., 2013).  
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Several studies have been carried out to better understand the nature of CDR reactions by 
monitoring the replacement reactions in various mineral systems over a wide range of 
hydrothermal conditions (e.g. Altree-Williams et al., 2017; Kusebauch et al., 2018; MacMillan et 
al., 2016; Pina, 2019; Putnis and Mezger, 2004; Qian et al., 2011; Xia et al., 2009c; Yanagisawa 
et al., 1999; Zhao et al., 2009; Zhao et al., 2014a; Zhao et al., 2019). In the previous studies on 
chalcogenide system to date, the temperatures of the reactions were such that the mobility of the 
metal ions due to self-diffusion was low (Zhao et al., 2013).  
Recently, it has been recognized that in some mineral replacement reactions (e.g., sylvanite 
by gold-silver alloy, Zhao et al., 2013), the rate of solid-state diffusion can be comparable to the 
rate of dissolution-reprecipitation, and the synergy between SSD and CDR processes may produce 
complex mineral textures. Also, it has recently been demonstrated that hydrothermal fluids may 
significantly enhance solid-state diffusion processes such as exsolution (Li et al., 2018; Zhao et 
al., 2017). The interplay between SSD and CDR mechanisms has profound implications in our 
interpretations of petrological and geological observations, yet it has not been adequately studied 
so far. 
Therefore, to better understand the possible interplay between solid-state and CDR 
reactions, some sets of experiments were designed into the mineral replacement reactions of 
bornite by copper sulphides because cation diffusion in bornite is fast, and dissolution-
reprecipitation mineral replacement reactions are commonly observed among copper-iron 
sulphides in nature. 
1.2. Literature review 
This section provides a brief review of the literature on mineral replacement reactions 
which proceeded by solid-state diffusion-driven process and via coupled dissolution-
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reprecipitation mechanism (CDR). Therefore, this section highlights some of the key background 
information which established a context and purpose for which this research has been conducted. 
Additional literature information is also provided in the introduction section of the individual main 
chapters (Chapters 2-4).  
1.2.1. Mineral replacement reaction mechanisms 
1.2.1.1. Solid-state diffusion 
Early researchers attributed mineral replacement reactions to be the results of nucleation 
and growth of new minerals through exchange of elements by diffusion in the solid phases (e.g. 
(Cole, 1983; Cole and Chakraborty, 2001; Thornber, 1975; Warner et al., 1992). This model is 
described as the free interchange of metal-cations within the mineral structure while the underlying 
anionic framework structure remains unaltered (Harland, 1994). Thus, this mechanism is 
applicable to some systems in which the product phase(s) shares some common chemical elements 
and a similar crystal structure with the parent phase (Hunger and Benning, 2007; Warner et al., 
1992).  
Although, solid-state diffusion is a common phenomenon at higher temperatures (Buening 
and Buseck, 1973; Chakraborty, 2010; Chakraborty and Ganguly, 1991; Fayek et al., 2011), 
however, solid-state diffusion is in most cases considered too slow at ambient conditions to be a 
relevant exchange mechanism (Zhang, 2008), suggesting geological time scales for this process 
(Putnis, 2014). Furthermore, it has been observed that crustal and superficial reactions occur at a 
very fast rate to be explained by solid-state diffusion alone (Ruiz-Agudo et al., 2014). Also, fluids 
are ubiquitous during mineral replacement reactions and it has been demonstrated that even small 
amounts of water (tens of ppm) in the system can act as catalyst by facilitating mineral reactions 
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(Milke et al., 2013). These observations have questioned the previously accepted solid-state 
diffusion driven process, and the recently accepted consensus from extensive experimental studies 
is that dissolution-reprecipitation may be the governing mechanism for such replacement reactions 
at lower temperatures (González-Illanes et al., 2017; Harlov, 2015; Xia et al., 2009b; Zhao et al., 
2014b). The relevance of coupled dissolution-precipitation reactions to a wide range of fluid-solid 
reactions has been reviewed (Altree-Williams et al., 2015; Putnis, 2002; Putnis, 2009; Ruiz-Agudo 
et al., 2014). 
1.2.1.2. Coupled dissolution-reprecipitation (CDR) mechanism 
When a mineral is in contact with a fluid with which it is out of equilibrium with, the 
mineral begins to dissolve. The dissolution of even a few monolayers of this parent phase may 
result in an interfacial fluid that is supersaturated with respect to a more stable product phase, 
which can nucleate and grow at the surface of the parent phase initiating an autocatalytic reaction 
that couples the dissolution and precipitation rate (Fig. 1.1) (Altree-Williams et al., 2015; Ruiz-
Agudo et al., 2014). The coupling between dissolution and precipitation is controlled by the local 
fluid composition (Putnis, 2002), i.e., the dissolution of the parent phase and the growth of the 
product phase changes the local fluid composition, which affects the dissolution rate, and also 
influences the growth rate of the product phase. This way, the dissolution and precipitation are 
coupled together. In the CDR mechanism, ‘coupling’ refers to the fact that the dissolution of the 
primary mineral and the precipitation of the product mineral are linked in time and space, at the 
nano- to micrometer scales via a thin layer of interfacial fluid separating the two phases (Altree-
Williams et al., 2015; Putnis, 2002; Putnis, 2009).  
Processes such as cation exchange, chemical weathering, hydrothermal alteration, 
metasomatism, metamorphism, pseudomorphism, diagenesis, deuteric alteration and leaching are 
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all linked by common features in which one mineral or mineral assemblage is replaced by a more 
stable assemblage (Putnis, 2002). In contrast to solid state diffusion, fluid-mediated mineral 
replacement reactions proceed via a very much complex processes controlled by at least three 
reaction steps involving dissolution, mass transfer (comprising fluid transport through a porous 
solid and element diffusion through a fluid phase) and precipitation (including nucleation and 
crystal growth) (Pedrosa et al., 2017). The kinetics of replacement reactions are governed by the 
contributions from each of the steps stated and these may vary as the reaction progresses. Usually, 
the overall reaction is generally controlled by the slowest of these steps (Kusebauch et al., 2018; 
Xia et al., 2009b). 
Putnis (2002, 2009) reviewed the mechanism of several fluid-mediated mineral 
replacement reactions and highlighted the common textural characteristics and distinguishable 
reaction features of CDR reaction which includes: (1) the variable length scale of coupling i.e. the 
distance between the dissolution and the site of precipitation; (2) numerous pores and fine cracks 
in product phases; (3) a sharp interface between the parent and product phases that exhibits no 
diffusional profile; (4) the dependence of solution chemistry and temperature on reaction kinetics 
and product composition; and (5) the preservation of the external dimension and possibly the 
transfer of crystallographic information from the parent to the product when an epitaxial 




Fig. 1.1. Pseudomorphic replacement by interface-coupled dissolution-precipitation reaction. 
When a solid comes into contact with a fluid with which it is out of equilibrium, dissolution of 
even a few monolayers of this parent may result in an interfacial fluid that is supersaturated with 
respect to a product phase, which may nucleate on the surface (a). (b-d) Continued dissolution and 
precipitation at the parent–product interface and the generation of interconnected porosity in the 
product phase allows the migration of the reaction interface from the surface through the parent 
phase, which is pseudomorphically replaced by the product. (e-g) Pseudomorphic replacement of 
a KBr crystal by KCl, with the development of porosity seen in the product rim (Ruiz-Agudo et 
al., 2014). 
Several researchers have reported the result of experimental studies of mineral replacement 
reactions at relatively mild hydrothermal conditions (Pedrosa et al., 2017; Pollok et al., 2011; 
Putnis, 2002; Putnis, 2009; Putnis and John, 2010; Putnis and Mezger, 2004; Xia et al., 2009b). 
Recently, dissolution-reprecipitation reactions have been used to study ore-forming reactions 
including the replacement of pyrrhotite by marcasite and pyrite (Qian et al., 2011), magnetite by 
pyrite (Qian et al., 2010), magnetite by arsenian-pyrite (Qian et al., 2013), hematite by chalcopyrite 
(Zhao et al., 2014b), chalcopyrite by bornite (Zhao et al., 2014a), pentlandite by violarite 
(Tenailleau et al., 2006; Xia et al., 2009b; Xia et al., 2008; Xia et al., 2007), calaverite by gold 
(Zhao et al., 2009; Zhao et al., 2010), sylvanite and krennerite by gold-silver alloy (Xu et al., 2013; 
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Zhao et al., 2013), magnetite by hematite (Zhao et al., 2019), siderite by pyrite (Kusebauch et al., 
2018). A summary of experimental studies on mineral replacement reactions are presented in Table 
1.1. 
Table 1.1. Summary of experimental studies on mineral replacement reactions. 
Mineral replacement reactions References 
Bornite-chalcocite by copper 
sulphides 
(Hidalgo et al., 2020) 
Limestone by Fluorite (Weber et al., 2019) 
Magnetite by hematite (Zhao et al., 2019) 
Celestite by strontianite (Pina, 2019) 
Siderite by pyrite  (Kusebauch et al., 2018) 
Mg-Ca carbonates after gypsum 
and anhydrite 
(González-Illanes et al., 2017) 
Anhydrite by calcium carbonate (Altree-Williams et al., 2017) 
Carbonate rock by fluorite (Pedrosa et al., 2017) 
Marble by apatite (Pedrosa et al., 2016a) 
Calcite by fluorite (Pedrosa et al., 2016b)  
Uraninite by bornite (MacMillan et al., 2016) 
Calcite by calcium sulfates (Ruiz-Agudo et al., 2016) 
Chalcopyrite by bornite (Zhao et al., 2014a) 
Hematite by chalcopyrite/bornite (Zhao et al., 2014b) 
Hydroxyapatite by 
hydroxypyromorphite 
(Kamiishi and Utsunomiya, 2013) 
Fluorapatite by 
chlorpyromorphite 
(Kamiishi and Utsunomiya, 2013) 
Pyrrhotite by pyrite/marcasite (Qian et al., 2011) 
Magnetite by pyrite (Qian et al., 2010) 
Calaverite by gold (Zhao et al., 2009; Zhao et al., 2010) 
Leucite by analcime (Putnis et al., 2007; Xia et al., 2009c)  
Pentlandite by violarite (Tenailleau et al., 2006; Xia et al., 2009b)  
Gypsum by calcite (Fernández-Díaz et al., 2009) 
Calcite by opal (Pewkliang et al., 2008) 
Bones by calcite (Pewkliang et al., 2008) 
Calcite by hydroxyapatite (Kasioptas et al., 2008) 
SrSO4 by SrF2 (Rendón-Angeles et al., 2006) 
SrSO4 by Sr(OH)2 (Rendón-Angeles et al., 2006) 
KBr by KCl 
(Kar et al., 2016; Putnis and Mezger, 2004; Putnis et al., 2005; Raufaste et al., 
2011; Spruzeniece et al., 2017a)  
Calcium fluorapatite by calcium 
hydroxyapatite 
(Rendon-Angeles et al., 2000) 
Chloroapatite by hydroxyapatite (Yanagisawa et al., 1999) 




Understanding of the mechanism and kinetics of CDR, as well as the unique properties of 
this reaction mechanism could find applications in a wide range of systems and problems. For 
example, aqueous fluids in the Earth’s crust are important fluid for mineral formation in nature 
and understanding of the dissolution, transport and precipitation of minerals through hydrothermal 
experiments could give an insight into the genesis of hydrothermal deposits. Besides, the nature 
of coupled dissolution-reprecipitation reactions could also be applied in the synthesis of materials 
which could be very difficult to achieve through traditional direct methods. For instance, two 
sulphide minerals of low thermal stabilities (<500 °C) have been successful synthesised by 
hydrothermal CDR reactions (Xia et al., 2008). Again, the unique properties of this reaction 
mechanism can also find application in mining and processing industries. For example, a novel 
route for the pre-treatment of calaverite via hydrothermal mineral replacement reactions have been 
reported (Zhao et al., 2009). The calaverite was replaced by native gold which could subsequently 
be leached with cyanide for gold extraction from gold-rich tellurides (Zhao et al., 2010). Mineral 
replacement reactions are also common during hydrometallurgical leaching and have been 
observed, for example, during leaching of chalcopyrite (Kartal et al., 2020), sphalerite (Nikkhou 
et al., 2019; 2021) and galena (Nikkhou et al., 2020a; 2020b).  
1.2.2. The length scale of pseudomorphism 
Pseudomorphism is one of the universal textural features of CDR reactions. In the presence 
of a fluid phase, a mineral replacement reaction is said to be pseudomorphic if the external shape 
and dimensions of the parent mineral are preserved by the secondary mineral (Merino and Dewers, 
1998). Previous studies on mineral replacement reaction in various mineral systems have revealed 
that degree of spatial pseudomorph could range from nanometer scale to fractions of a millimetre 
9 
 
from one case to another. For instance, the preservation of very fine textural features as small as 
nanometer scale was observed during the hydrothermal replacement of leucite by analcime (Putnis 
et al., 2007). However, there are many other replacement reactions where large length scale 
features were preserved but lose fine textural details, for example, the replacement of SrSO4 by 
Sr(OH)2 (Rendón-Angeles et al., 2006), and the replacement of calcite by opal (Pewkliang et al., 
2008). Xia et al (2009b) introduced the concept of the scale of pseudomorphism in their work on 
the replacement of pentlandite by violarite to describe the degree of spatial coupling between the 
dissolution and precipitation process. They observed that the dissolution of pentlandite is the rate-
limiting step in the reaction solutions of pH 1-6, and the product preserved the morphology and 
internal details of the parent mineral in nanometer scale. However, in more acidic condition 
(pH<1), violarite precipitation appears to be the rate limiting and a less perfect pseudomorph was 
observed with a length scale of 10’s of microns rather than nanometers. For pseudomorphism to 
occur, the dissolution rate of primary phase must be closely coupled with the precipitation rate of 
the product phase in both space and time during the replacement reaction (Putnis, 2009).  
1.2.3. The preservation of crystallographic orientation 
In some CDR reactions, the products not only preserve the volume and external shape of 
the parent phase but also inherit the crystallographic orientation of the parent phase. Examples 
include the replacement of chlorapatite by hydroxyapatite (Elliott and Young, 1967; Yanagisawa 
et al., 1999), fluoraptite by hydroxyapatite (Rendon-Angeles et al., 2000), and the replacement of 
KBr by KCl (Putnis and Mezger, 2004). Preservation of crystallographic orientation occurs due to 
structurally controlled topotaxy between two participating solid phases (Altree-Williams et al., 
2015). Topotaxy is the structural relationship between the parent and product mineral during 
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mineral replacement (Spry, 1969). The topotaxy would allow the surface of the parent phase to 
serve as a patterning agent for the nucleation and subsequent growth of the product (Xia et al., 
2009b). Figs. 1.2b,c shows that both pentlandite and violarite crystallites share a common 
crystallographic orientation (Xia et al., 2009b). 
 
Fig. 1.2. EBSD analysis along the pentlandite/violarite boundary of a partially replaced grain after 
reaction at 125 °C and pH ~3.9, showing that both pentlandite and violarite crystallites share a 
common crystallographic orientation. (a) Secondary electron image of a pentlandite/violarite 
boundary. (b) The {100}, {110}, {111} pole figures of pentlandite. (c) The {100}, {110}, {111} 
pole figures of violarite. The pole figures were drawn from EBSD mapping data in pentlandite and 
violarite areas shown in (a) (Xia et al., 2009b). 
1.2.4. Porosity and fine cracks in product phase 
Another important feature of CDR reaction is the generation of porosity in the product 
phase. During CDR reactions, generation of network of interconnected pores in the product phase 
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usually facilitate and sustain the reactions by enabling mass transfer (Nakamura and Watson, 2001; 
Putnis and Mezger, 2004). Fig. 1.3 shows the porosity structure in a partially replaced KBr crystal 
(Putnis and Mezger, 2004) and cracks in bornite during the sulfidation of hematite.  
 
Fig. 1.3. (a) SEM image of a cross section normal to the surface through a replaced crystal 
(experiment 2) showing the network of pores extending downward through the crystal to the 
replacement interface (Putnis and Mezger, 2004). (b) Cross section of a bornite grain with porous 
core and fractured, low-porosity rim (Zhao et al., 2014b). 
 
In some studies of mineral replacement reactions, the generation of porosity is due to molar 
volume reduction. Such example includes the replacement of calcite by fluorite (Pedrosa et al., 
2016b), with a calculated molar volume decrease of 33.5%. In this case, large amounts of pores 
were generated in the product phase to preserve the external volume of the parent crystal. However, 
in some other replacement reactions, porosity generation is due to the loss of the parent phase to 
the fluid, such that the amount of precipitation will be less than the amount of dissolution. Such 
example include the coarsening of cryptoperthite (Walker et al., 1995). Using the NaCl-KCl-H2O 
system as a simple example, Putnis (2002) in his review paper pinpoint that the absolute translated 
mole quantity should also be put into account while considering total volume change in a mineral 
replacement reaction. This is because, a small quantity of product with a larger molar volume could 




porosity structures and fine cracks in the product phase of some replacement reactions with 
positive molar volume increase, for example, in the replacement of leucite by analcime (Putnis et 
al., 1994; Xia et al., 2009c) and the replacement of magnetite by pyrite (Qian et al., 2010). 
Therefore, the generation of porosity depends on both the relative molar volume change between 
the parent phase and the product phase, as well as the relative solubilities of the two phases in the 
fluid. 
It has been observed that porosity evolution is dynamic, and it is expected that porosity 
will continue to evolve with time if the porous product phase remains in contact with the fluid. For 
example, Putnis et al. (2005) studied the replacement of KBr by KCl and found out that the porous 
KCl crystal product phase which was milky when formed eventually clear after the replacement 
reaction, and the porous structure began to disappear within two days at room temperature. The 
processes by which porosity heals in the product mineral are still difficult to quantify. To gain a 
better insight of the closure on the porosity structure, the effects on size, shape, density, and 
interconnectivity of the pores needs to be studied. Understanding of this will provide insights into 
the formation and evolution of microstructure in the product mineral and will enable more accurate 
modellings of fluid flow in ore deposit formation and could find applications in targeted mineral 
exploration and processing, as well as in mining. 
So far, extensive studies on the mineral replacement reactions in various mineral systems 
have been carried out, however, mineral replacement reactions are not fully understood due to 
some complex problems. Among these complex problems include the prediction of the scale of 
porosity and the coupling between porosity and reaction rates.  
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1.2.5. Mineral replacement in the Cu-Fe-S System 
The Cu-Fe-S ternary system is important geologically and economically. Most three-
component sulphides belong to the Cu-Fe-S system and have been identified in a wide range of 
geological environment and rock type (Vaughan and Craig, 1978). The minerals in this system are 
common in moderate temperature sedimentary exhalative (SEDEX) deposits, high temperature 
porphyry copper deposits and iron oxide-copper-gold (IOCG) deposits (Robb, 2004). Thus far, a 
total of 31 minerals have been identified belonging to the Cu-Fe-S system, and the composition of 
the minerals reported in this ternary system are summarized in Figure 1.4. General information on 
physical and chemical properties of common copper minerals are provided in Table 1.2. 
 




Table 1.2. General information on physical and chemical properties of common copper minerals. 
(Note: Data is from http://webmineral.com/data/). 
 
Mineral Chemical Formula Colour Cu (%) Density (g/cm3) Hardness 
Bornite Cu5FeS4 
Copper red, Bronze 
brown, Purple 
63.31 4.9-5.3 3 
Chalcopyrite CuFeS2 
Brass yellow, Honey 
yellow 
34.63 4.1-4.3 3.5 
Chalcocite Cu2S 
Blue black, Gray, 
Black, Black gray, 
Steel gray 
78.85 5.5-5.8 2.5-3 
Digenite Cu9S5 
Blue, Dark blue, 
Black 
78.10 5.6 2.5-3 
Covellite CuS 
Indigo blue, Light 
blue, Dark blue, 
Black 
66.46 4.68 1.5-2 
Cuprite Cu2O 
Brown red, Purple 
red, Red, Black 
88.82 6.1 3.5-4 
Tenorite CuO Black, steel gray 79.89 6.5 3.5-4 
Malachite Cu2(CO3)(OH)2 
Green, Dark green, 
Blackish green 
57.48 3.6-4 3.5-4 
Azurite Cu3(CO3)2(OH)2 
Azure blue, blue, 
Light blur, Dark blue 
55.31 3.77-3.89 3.5-4 
Chrysocolla (Cu,Al)2H2Si2O5(OH)4·n(H2O) 
Green, Bluish green, 
Blackish blue, Brown 
33.86 1.9-2.4 2.5-3.5 
 
Recently, Zhao et al. (2014b) produced chalcopyrite and bornite by reacting hematite in 
solutions containing Cu (I) and hydrosulphide heated within 200-300 °C under vapour-saturated 
pressures (Fig. 1.5). Zhao et al. (2014a) also synthesized bornite from chalcopyrite under 
hydrothermal conditions in solutions containing Cu (I) and hydrosulphide over a temperature range 
of 200-320 °C at autogeneous pressures. Chalcopyrite was replaced by bornite in all the runs. The 
reaction commenced at the surface of the chalcopyrite grain and along cracks to the core of the 
crystal (Fig. 1.6) (Zhao et al., 2014a). The outcome of their experiments correlates well with the 
reported replacement of hematite by chalcopyrite from many different ore-forming environments, 
including the Kupferschiefer type deposits (Kucha and Pawlikowski, 1986) and IOCG deposits 
(Kiruna type) (Edfelt et al., 2005). The replacement of chalcopyrite by bornite has also been 
observed in natural ores from Indian Ocean hydrothermal veins (Halbach et al., 1998). In the origin 
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of Kupferschiefer ores in Poland, Oszczepalski (1999) show that chalcopyrite was replaced by 
bornite, which in turn could be replaced by Cu-sulphides such as chalcocite, covellite and digenite. 
 
Fig. 1.5. Cross section of three layered grain, which include a bornite layer (light gray), a 
chalcopyrite layer (gray), and a hematite layer (dark gray) from the outside to the core (Zhao et 
al., 2014b). 
 




More recently, research has highlighted the complexity of mineral replacement reactions 
as they are dynamic systems with significant feed-back reactions. Particularly, Zhao et al. (2013) 
reported that diffusion-driven solid-state reactions competes with fluid-mediated dissolution-
reprecipitation reaction during hydrothermal replacement of sylvanite by gold-silver alloy, yet 
leaving the mechanism not fully understood. In the case of copper iron sulphides, Zhao et al. (2017) 
and Li et al. (2018) demonstrated experimentally that the development of exsolution textures, 
traditionally interpreted in terms of solid state diffusion processes, was enhanced by fluid 
composition and by the history of the parent phase (mode of formation and quenching conditions). 
To illustrate the interplay between SSD and dissolution-reprecipitation mechanisms, let us 
consider the transformation of Au-Ag-telluride sylvanite to Au-Ag alloy under hydrothermal 
conditions (Zhao et al., 2013), for example. Zhao et al. (2013) documented the pseudomorphic 
replacement of Au-Ag-telluride (sylvanite) by porous Au-Ag alloy only in the presence of a fluid 
phase at 160-200 °C, while the replacement reaction was slow or not detected under dry conditions 
at 220 °C. Authors proposed competition between the CDR and solid-state exsolution. As shown 
in back-scattered electron images of partially reacted grain and by the proposed reaction paths 
(Figs. 1.7a; 1.8), at the initial stage, sylvanite was replaced by Au-Ag alloy via CDR mechanism, 
with sylvanite dissolution being the reaction rate limiting step. Tellurium was lost to the bulk 
solution. Once tellurium loss into the bulk solution reaches a critical state, the reaction switched 
and sylvanite dissolution becomes coupled to the precipitation of an Ag-rich-Te-depleted 
calaverite-I. The formed Ag-rich-Te-depleted calaverite-I phase later undergo decomposition 
thereby exsolving calaverite-II and phase X. Phase X in turn breaks down to fine intergrowth of 
petzite-low and hessite-low during quenching to room temperature. As the reaction progresses, 
both calaverite-II and phase X transformed to Au-Ag alloy via CDR. For the non-porous products, 
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the high-metal ion mobility is proposed to control the solid-state reactions. High-metal ion 
mobility has been reported in phase relation in the petzite-hessite region of the Au-Ag-Te system 
(Cabri, 1965; Zhao et al., 2013). Zhao et al. (2013) proposed that the two competing reactions may 
account for the formation of some of the Au and Au-Ag telluride assemblages observed in nature.  
 
Fig. 1.7.(a, b) Backscattered electron images of the cross section of a partially reacted grain 
illustrating the products and textures of the calaverite-I, calaverite-II, petzite, hessite, and Au-Ag 





Fig. 1.8. Proposed reaction paths of the hydrothermal replacement of sylvanite (Zhao et al., 2013). 
1.3. Research Objectives 
Based on the limitations of previous works, the principal aim of this research work is to 
unravel the mechanisms and kinetics of mineral replacement reactions of bornite by copper 
sulphides. The specific objectives are: 
• To obtain an insight into the mechanism of the interplay between solid-state diffusion 
and dissolution-reprecipitation in the hydrothermal alteration of minerals. 
• To probe the effect of reaction parameters, such as temperature, fluid composition, 
redox condition, on reaction mechanisms and kinetics, such as the reaction pathway, 
and the evolution of mineralogy and sample textures (e.g., lamellae texture) during the 
replacement of bornite by copper sulphides. 




To achieve these objectives, around 200 hydrothermal laboratory experiments were 
designed and carried out for the mineral replacement reactions from bornite to copper sulphides 
and the results are presented in this thesis. The thesis structure is outlined in the following section. 
1.4. Thesis Organisation 
Chapter 1 provides introduction and review of the literature. The main body of this research 
work is sub-divided into three chapters.  
Chapter 2 presents the results of experimental laboratory study into the replacement of 
bornite under anoxic conditions. This chapter revealed the mechanism of the replacement of 
bornite by copper sulphides, established the reaction pathways in five different hydrothermal 
solutions based on the resulting textures, mineral assemblages, solution analyses and mass balance. 
This study revealed the key role played by hydrothermal fluids in the formation of lamellae texture 
by solid-state diffusion process, and also tracked the fate of Cu and Fe during the replacement. In 
addition, this study also provided more insights into mineral replacement reactions when the rate 
of solid-state diffusion is comparable to the rate of coupled dissolution-precipitation, with the 
resulting complex textures reflecting a synergy between fluid-induced solid-state diffusion (FI-
SSD) process and coupled dissolution-reprecipitation (CDR) mechanism.  
Chapter 3 presents the effects of pH (1-6), temperature (160, 180 and 200 °C) on the 
replacement of bornite by copper sulphides under oxic conditions, discussed its geological 
implications, and compared the results with the previous studies on the replacement of bornite 
under anoxic conditions (Chapter 2). This study further confirmed the mechanisms of the 
replacement of bornite (i.e. FI-SSD and CDR mechanisms), with a focus on the combined sample 
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textural, mineralogical and kinetic behaviour of bornite under oxygen-enriched geological 
environments.  
Chapter 4 focuses on the quantitative investigation of porosity formation and evolution 
during the hydrothermal replacement of bornite by copper sulphides under oxic and anoxic 
conditions using combined USANS/SANS and textural study. The main component of this 
experiment was carried out with the Kookaburra Ultra-small Angle Neutron Scattering (USANS) 
and Quokka Small-Angle Neutron Scattering (SANS) instruments at the Australian Nuclear 
Science and Technology Organisation, Lucas Heights, New South Wales, Australia.  
Chapter 5 detailed the summary and conclusions of this research work and suggests 












Chapter 2: A New Mode of Mineral Replacement Reactions involving the 
Synergy between Fluid-induced Solid-state Diffusion and Dissolution-
reprecipitation: A Case Study of the Replacement of Bornite by Copper 
Sulphides under Anoxic Conditions 
Abstract 
Mineral replacement reactions are one of the most important phenomena controlling the 
geochemical cycle of elements on Earth. In the early years, solid-state diffusion was proposed as 
the main mechanism for mineral replacement reactions, but over the past 20 years the importance 
of the coupled dissolution-reprecipitation (CDR) mechanism has been recognized. In the presence 
of a fluid phase and at low temperatures (e.g., <300 °C), CDR is the predominant mineral 
replacement process compared to relatively slow solid-state diffusion. However, in the present 
case study, we show that the rate of solid-state diffusion is comparable to the rate of CDR processes 
during the replacement of bornite (Cu5FeS4) by copper sulphides at 160-200 °C. The experiments 
initially produced chalcopyrite lamellae homogeneously distributed in the entire bornite grain, and 
each lamella was enveloped by digenite. The lamellae were formed by removing Fe3+ from bornite 
via solid-state diffusion, since there was no evidence for fluid entering the bornite grains during 
lamellae formation. An interesting discovery is that solid-state exsolution of chalcopyrite lamellae 
was induced by the bulk hydrothermal fluids surrounding the mineral grains, because in the 
absence of fluids under otherwise identical conditions, no exsolution occurred, and because the 
exsolution rate and lamellae size were sensitive to the composition of hydrothermal fluids. We 
hypothesize that this fluid-induced solid-state diffusion (FI-SSD) mechanism is made possible by 
the similar topology of the crystal structure of these phases. The solid-state diffusion of Fe3+ within 
bornite and across the resultant chalcopyrite and digenite phase boundaries is facilitated by the 
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near-identical S framework. Parallel to and after lamellae exsolution, CDR reactions proceeded 
from the surface to the interior of the grains or along fractures, replacing chalcopyrite by digenite, 
and digenite by covellite and/or chalcocite, depending on experimental conditions. The synergy 
between FI-SSD and CDR resulted in complex reaction pathways for reactions in five acidic 
hydrothermal fluids with or without added Cu2+, Cu+, Cl-, SO4
2-, and SO3
2-. The outcomes of these 
experiments imply that (1) under conditions where cation diffusion rates are of the same order of 
magnitude as dissolution and precipitation rates, hydrothermal fluids can induce and control solid-
state diffusion processes, e.g., exsolution; (2) mineral replacement can be a result of the synergy 
between FI-SSD and CDR mechanisms; this happens at low temperatures (≤200 °C) in 
chalcogenide systems, but could affect silicate and oxide systems at amphibolite to granulite to 
eclogitic metamorphic grade; and (3) the synergy between FI-SSD and CDR mechanisms can lead 
to complex reaction pathways that cannot be easily predicted empirically.  
Keywords: Solid-state diffusion; Coupled dissolution-reprecipitation; Mineral replacement 








2.1.  Introduction  
Pseudomorphic mineral replacement reactions play important roles in numerous 
geochemical processes (e.g., metamorphism, metasomatism, chemical weathering, and reactive 
transport and ore deposition) and anthropogenic processes (e.g., reservoir acidification, CO2 
sequestration, acid mine drainage, bioremediation, glass corrosion, materials syntheses, and 
minerals processing; Brugger et al., 2010; Geisler et al., 2019; Noiriel, 2015; Knorsch et al., 2020; 
Kartal et al., 2019; Nikkhou et al., 2020a, 2020b, 2021; Ram et al., 2021; Xia et al., 2009a). Hence, 
understanding the mechanism and kinetics of these reactions is important not only to the 
geosciences but also has industrial applications. In the early years, it was assumed that mineral 
replacement reactions are the result of elemental diffusion in the solids, from the interior of the 
solid to the solid-fluid interface where excessive elements are removed by the fluid phase and 
needed elements diffuse into the solid from the fluid phase (e.g., Cole, 1983; Thornber, 1975; 
Wilkin and Barnes, 1996). However, later extensive experimental studies have reached a 
consensus that many of these reactions are controlled by the coupled dissolution-reprecipitation 
(CDR) mechanism (Duan et al., 2021; González-Illanes et al., 2017; Harlov, 2015; Manecki et al., 
2020; Tenailleau et al., 2006; Spruzeniece et al., 2017b; Xia et al., 2009b; Xing et al., 2019; Zhao 
et al., 2014a,b; Weber et al., 2019). In the CDR mechanism, the dissolution of the primary mineral 
and the precipitation of the products are coupled in time and space, at the nano- to micrometer 
scales, via a layer of interfacial fluid separating the two phases (Altree-Williams et al., 2015; 
Putnis, 2002, 2009). Recently, it has been recognized that in some mineral replacement reactions, 
the rate of solid-state diffusion is comparable to the rate of dissolution-reprecipitation, and 
complex mineral textures can be produced as a result of both solid-state diffusion and dissolution-
reprecipitation processes (Zhao et al., 2013; Hidalgo et al., 2020). The interplay between solid-
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state diffusion and dissolution-reprecipitation has profound implications on our interpretations of 
mineralogical and petrological observations, which can influence our understanding of 
geochemical processes. Yet the mechanism of such mineral replacement reactions has not been 
adequately studied. 
We choose to use the replacement of bornite (Cu5FeS4) by chalcopyrite (CuFeS2) and 
copper sulphides as a model system to study the interplay between solid-state diffusion and 
dissolution-reprecipitation processes because cation diffusion in bornite is fast (Grguric and 
Putnis, 1999), and dissolution-reprecipitation mineral replacement reactions are commonly 
observed in copper-iron sulphides in many ore deposits ( Ciobanu et al., 2017; Cook et al., 2011; 
Graham et al., 1988; Halbach et al., 1998; Haymon, 1983; Li et al. 2020; Liu et al., 2017; 
Oszczepalski, 1999; Ramdohr, 1980; Robb, 2005, 2013; Tivey, 1995). The complex ternary Cu-
Fe-S system has extensive solid solutions such as the bornite-digenite solid solution (bdss), the 
high- and low- temperature phases, and the metastable phases, which convolutes the textural and 
mineralogical evolution along the Cu-Fe-S and Cu-S joins (Barton, 1973; Cabri, 1973; Craig and 
Scott, 1974). Therefore, studying the replacement processes in Cu-Fe sulphides not only 
contributes to our understanding of mineral replacement reactions in general but will also 
contribute to a clearer understanding of the ternary Cu-Fe-S system and hence to the interpretation 
of mineral texture from various copper ore deposits. So far, only a few hydrothermal experimental 
studies have been reported for the Cu-Fe-S system. 
The pioneering experimental study of Roberts (1963) describes the replacement of 
chalcopyrite by bornite, and bornite by chalcopyrite under mild hydrothermal conditions 
(<150 °C). The author ruled out the solid-state diffusion mechanism due to the fast reaction (6 
days at 100 °C) and proposed an ionic recombination mechanism. Recently, Zhao et al. (2014a) 
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reported the replacement of chalcopyrite by bornite at 200-320 °C and demonstrated that the 
reaction proceeded both via pseudomorphic replacement of chalcopyrite following the CDR 
mechanism, and via overgrowth on the initial grain surface. The same authors also studied the 
sequential replacement of hematite by chalcopyrite and then chalcopyrite by bornite in Cu(I) and 
H2S-bearing hydrothermal fluids at 200-300 °C, also following the CDR mechanism (Zhao et al., 
2014b).  
Exsolution lamellae are common textures resulting from the decomposition of a solid-
solution via a solid-state diffusion-controlled mechanism. Yet, recent studies have shown that 
hydrothermal fluids can affect the formation and coarsening of lamellae. In the hydrothermal 
replacement of bdss, Zhao et al. (2017) demonstrated that at high pH (pH25°C ~10) at 125-250 °C, 
bornite lamellae exsolve from bdss. They found that the rate of exsolution is ~1000 times faster 
than the equivalent experiments conducted under dry conditions. Based on a series of annealing 
experiments under different conditions, Zhao et al. (2017) postulated that the development of 
exsolution textures was influenced by fluid inclusions within the parent phase. These fluid 
inclusions were unquenchable and resulted from the formation of the parent solid solution via a 
CDR process. The rapid coarsening of lamellae was attributed to recrystallization associated with 
the healing of an open porous microstructure in the presence of trapped hydrothermal fluids within 
the mineral grains. Under acidic conditions (pH25°C ~6), Li et al. (2018) observed chalcopyrite 
exsolution from bdss (formed by chalcopyrite replacement at 300 °C) upon annealing at 150 °C, 
also in the presence of fluids trapped in the porous microstructure. A two-step process was 
proposed: (i) the break-down of bdss and formation of a bornite-digenite assemblage; and (ii) 
exsolution of chalcopyrite lamellae from bornite. Most recently, Hidalgo et al. (2020) studied the 
replacement of bornite-chalcocite-tennantite-quartz assemblage in hydrochloric acid and 
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methanesulfonic acid at 90 °C and observed the fast replacement of chalcocite by digenite as well 
as the slow replacement of bornite by digenite and the exsolution of Cu-deficient and Cu-enriched 
bornite lamellae in bornite. They proposed that the lamellae were formed by solid-state diffusion, 
a process influenced by the presence of fluids. 
In this study, we conducted systematic experiments on the replacement of bornite under 
anoxic hydrothermal conditions at 160-200 °C, aiming to elucidate (1) the role of bulk 
hydrothermal fluids (rather than fluid inclusions) in the formation of the lamellae by a solid-state 
diffusion process, and (2) the mechanism of the interplay between solid-state diffusion and 
dissolution-reprecipitation during hydrothermal alteration of minerals. The reactions were 
conducted in five hydrothermal solutions, including a pH 1 additive-free solution as a control, and 
solutions with added Na2SO3, CuSO4, CuCl2, and CuCl. To avoid the effects of impurities on the 
reaction mechanism, a pure bornite sample was used in all experiments. 
2.2. Materials and methods 
2.2.1. Materials 
A natural bornite specimen from the Moonta mines, South Australia, was used as the 
starting material. The sample was crushed and sieved into a 150-355 µm size fraction for the 
experiments. The Rietveld refinement of the synchrotron powder X-ray diffraction (PXRD) pattern 
revealed that the starting bornite is a low bornite (orthorhombic; space group Pbca with unit cell 
parameters a= 10.971 Å, b= 21.881 Å, c= 10.962 Å) (Fig. 2.1). No other phases were detected by 
PXRD. Electron microprobe analyses (n = 20) gave [mean (range) (standard deviation), in wt.%]: 
Cu 62.93 (62.39-63.34) (0.24), Fe 11.14 (11.03-11.27) (0.07), and S 26.03 (25.79-26.42) (0.16); 
hence the average composition of bornite is Cu4.97(2)Fe1.00(1)S4.07(3). The concentrations of minor 
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and trace elements in bornite vary over relatively small ranges (wt.%): Pb from <0.03 (dl) to 0.03, 
Ni from <0.01 (dl) to 0.02, Ag from <0.04 (dl) to 0.09, Cd from <0.04 (dl) to 0.04, Zn from <0.03 
(dl) to 0.10, and Sn from <0.02 (dl) to 0.03. Antimony (Sb), Se, and Bi were below the detection 
limits.  
 
Fig. 2.1. (a) PXRD pattern of the starting bornite and its Rietveld refinement. The blue line 
represents the data (Yobs), the red line through the blue line is the calculated pattern (Ycal), while 
the gray line at the bottom is the difference (Yobs-Ycal); (b) reflected light image of the cross-section 
of a bornite grain; (c) secondary electron image of a bornite grain showing smooth surface and 
sharp edges. 
 
We used deionized water and analytical grade chemicals: hydrochloric acid (32%; Chem-
Supply), potassium chloride (99.5%; Rowe Scientific), sodium sulphite (≥98%; Ajax Finechem), 
28 
 
copper(II) sulphate pentahydrate (≥98%; Chem-Supply), copper(II) chloride dihydrate (≥99%; 
Chem-Supply), and copper(I) chloride (≥90%; Asia Pacific Specialty Chemicals). 
A pH25°C 1.01 buffer solution was prepared with a composition of 0.134 M HCl and 0.05 M 
KCl. A temperature-corrected pH-meter (EUTECH Instruments, pH 2700) with an Ag/AgCl pH 
electrode was used for room temperature pH measurements. The electrode was calibrated with 
AQUASPEX standard buffer solutions: pH25°C = 4.01 (KH-phthalate buffer), pH25°C =7.00 
(phosphate buffer), and pH25°C = 10.01 (carbonate buffer). To remove the dissolved oxygen from 
the solution, the solution was purged with high purity nitrogen gas for 2 hours and then sealed 
tight. Butler et al. (1994) showed that nitrogen purging was the most effective way for removing 
oxygen from aqueous solution, compared with boiling at automorphic or reduced pressure, and 
sonication under reduced pressure. 
2.2.2. Hydrothermal experiments 
The experiments were conducted in 25 mL polytetrafluoroethylene (PTFE) lined stainless 
steel autoclaves. For each experiment, 40 ± 0.1 mg bornite was added into an autoclave, together 
with 0.02 g Na2SO3 or 0.12 g CuSO4·5H2O or 0.082 g CuCl2·2H2O or 0.048 g CuCl, or no additive 
(control experiment). Then, the autoclaves were placed into a glove box filled with high purity 
nitrogen; 7 mL of pH buffer solution was added; and the autoclaves were tightly closed by hand. 
Next, the autoclaves were removed from the glove box, immediately sealed further using a wrench, 
and transferred into pre-heated electric ovens set at the desired temperatures (160 °C, 180 °C, or 
200 °C). After heating for the required reaction time (up to 768 h), the autoclaves were quenched 
in a large volume of cold water for 30 min. Then, each autoclave was opened, and the reacted fluid 
was collected, and its volume and pH were measured. The solid residue was rinsed three times 
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with de-ionized water and then acetone and left to dry at room temperature. After drying, the solid 
residue was weighed and then stored for further analyses. 
2.2.3. Dry reference experiments 
Six dry annealing experiments were carried out. The same amount (40 ± 0.1 mg) of bornite 
was sealed in six silica glass tubes (10 mm outer diameter, 1 mm wall thickness) under vacuum, 
using a high temperature flame torch. Before the experiments, three ovens were pre-heated to 
160 °C, 180 °C, and 200 °C. Then two sealed tubes were placed in each oven, with one annealed 
for 24 h, and another for 612 h. After annealing, the tubes were quenched in cold water, then 
opened, and the samples were recovered for characterisation. 
2.2.4. Characterisation 
2.2.4.1. Powder X-ray diffraction (PXRD) and quantitative phase analyses (QPA) 
PXRD data on the starting bornite were collected at the Australian Synchrotron using the 
powder diffraction beamline with X-ray energy of 21 keV (λ = 0.5905 Å), and a high resolution 
Mythen detector. The wavelength, detector zero shift, and instrumental peak profile were 
calibrated using a LaB6 standard (NIST SRM 660b). The powder sample was loaded in a glass 
capillary and measured under the Debye-Scherrer geometry. To minimize possible preferred 
orientation effect and to improve particle statistics, fast spin (60 rpm) of the capillary was 
maintained during data collection. 
PXRD data for the solid residues were collected using a GBC Enhanced Mini-Materials 
Analyser (εMMA) X-ray diffractometer, with a nickel filtered Cu Kα X-ray source (λ=1.5419 Å) 
operated at 35 kV and 28 mA. The diverging, receiving and scattering slits were chosen as 2°, 0.3° 
and 3°, respectively. The detector zero shift and instrumental peak profile were determined by 
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using a quartz standard. In a typical data collection, about 20 mg of the residue sample was finely 
ground and homogenized in an agate mortar. The powder sample was then loaded on the centre of 
a zero-background silicon substrate. A few drops of ethanol were added on the powder and the 
powder was spread homogenously on the substrate to form a uniform thin layer. After the 
evaporation of ethanol, the sample was mounted onto the diffractometer for data collection in the 
2θ range from 10 to 70°, with a step size of 0.02° and a scan speed of 0.5°/min. 
Phase identification was conducted using ‘Match!’ software (Version: 3.6.0.111) and COD 
database (Gražulis et al., 2009). Quantitative phase analyses (QPA) were carried out using the 
Rietveld method (Hill and Howard, 1987) utilizing TOPAS Academic v6. For each analyzed 
PXRD pattern, the background was modelled using a fifth order polynomial function, and the peak 
shape was modelled using empirical models considering both Gaussian and Lorentzian 
contributions. The peak broadening was modelled by crystallite size function. Crystal structural 
data of minerals were taken from the ICSD database, #1963 for bornite (Koto and Morimoto, 
1975), #2518 for chalcopyrite (Hall and Stewart, 1973), #42709 for digenite (Kazinets, 1970), 
#63327 for covellite (Fjellvag et al., 1988), #16550 for chalcocite (Janosi, 1964), #40142 for 
hematite (Maslen et al., 1994), #78270 for nantokite (Hull and Keen, 1994), and #61252 for 
atacamite (Parise and Hyde, 1986). The chemical compositions of the minerals and their 
mineralogical crystal lattice parameters are reported in Table 2.1. The percentages of the involved 
phases were calculated by the equation, 
𝑊𝑝 = (𝑆𝑍𝑀𝑉)𝑝/ ∑ (𝑆𝑍𝑀𝑉)𝑖𝑖                  (2.1) 
where Wp is the relative weight percentage of phase p, S the scale factor, Z is the number of formula 
units per unit cell, M is the molecular weight of the formula unit, and V is the volume of the unit 
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cell. i represents each phase in the mixture. The absolute weight percentage of each phase was then 
calculated by, 
𝑊𝑝_𝑎𝑏𝑠 = 𝑊𝑝 ×
𝑚𝑟
𝑚𝑏𝑛
                            (2.2) 
where Wp_abs is the absolute weight percentage, mr is the mass of the solid residue, and mbn is the 
mass of the starting bornite. The absolute weight percentages are used in this paper to infer whether 
the reactions proceeded through gaining constitutes from solution, or removing constitutes from 
bornite to the solution. 
Table 2.1. Summary of the chemical composition of the minerals and their mineralogical crystal 
lattice parameters. 
 
Mineral Composition Crystal system a(Å) b(Å) c(Å) References 
Bornite (bn) Cu5FeS4 Orthorhombic 10.950 21.862 10.950 (Koto and Morimoto, 1975) 
Chalcopyrite (ccp) CuFeS2 Tetragonal 5.289 5.289 10.423 (Hall and Stewart, 1973) 
Chalcocite (cc) Cu2S Tetragonal 3.9962 3.9962 11.287 (Janosi, 1964) 
Digenite (dg) Cu9S5 Cubic 5.564 5.564 5.564 (Kazinets, 1970) 
Covellite (cv) CuS Hexagonal 3.7917 3.7917 16.342 (Fjellvag et al., 1988) 
Nantokite (nn) CuCl Cubic 5.4202 5.4202 5.4202 (Hull and Keen, 1994) 
Atacamite (ata) Cu2Cl(OH)3 Orthorhombic 6.03 6.865 9.12 (Parise and Hyde, 1986) 











Table 2.2. Summary of the experimental conditions and the phase abundance of the products. 
 
Run label* Temp (°C) Time (h) Additive ∆m (%)† Products (wt.%)‡ 
B200N2_48h 200 24  -31.7 bn(8)ccp(16)cv(9)dg(35) 
B200N2_48h 200 48  -19.3 ccp(15)cv(20)dg(45) 
B200N2_96h 200 96  -19.5 cv(26)dg(54) 
B200N2_192h 200 192  -22.5 cv(26)dg(52) 
B200N2_384h 200 384  -22.5 cv(30)dg(48) 
B200N2_768h 200 768  -26.2 cv(33)dg(41) 
B180N2_24h 180 24  -15.8 bn(35)ccp(12)cv(6)dg(31) 
B180N2_48h 180 48  -18.0 bn(15)ccp(15)cv(13)dg(39) 
B180N2_96h 180 96  -19.3 bn(7)cv(21)dg(53) 
B180N2_192h 180 192  -22.7 bn(8)cv(17)dg(53) 
B180N2_384h 180 384  -24.3 cv(26)dg(50) 
B180N2_768h 180 768  -23.8 cv(34)dg(42) 
B160N2_24h 160 24  -14.3 bn(60)ccp(4)cv(6)dg(16) 
B160N2_96h 160 96  -17.2 bn(34)cv(15)dg(34) 
B160N2_384h 160 384  -23.3 bn(5)cv(28)dg(43) 
B160N2_768h 160 768  -23.0 cv(35)dg(42) 
BSS200N2_8h 200 8 0.02g Na2SO3 -12.5 bn(23)ccp(28)cv(6)dg(30) 
BSS200N2_24h 200 24 0.02g Na2SO3 -9.75 bn(13)ccp(26)cv(23)dg(28) 
BSS200N2_96h 200 96 0.02g Na2SO3 -11.0 bn(10)ccp(31)cv(18)dg(30) 
BSS200N2_192h 200 192 0.02g Na2SO3 -21.0 cv(27)dg(52) 
BSS180N2_8h 180 8 0.02g Na2SO3 -8.0 bn(33)ccp(26)cv(6)dg(28) 
BSS180N2_24h 180 24 0.02g Na2SO3 -8.0 bn(18)ccp(28)cv(12)dg(34) 
BSS180N2_96h 180 96 0.02g Na2SO3 -11.5 bn(10)ccp(33)cv(13)dg(32) 
BSS180N2_360h 180 360 0.02g Na2SO3 -12.3 bn(8)ccp(32)cv(17)dg(31) 
BSS160N2_8h 160 8 0.02g Na2SO3 -12.0 bn(73)ccp(5)cv(2)dg(8) 
BSS160N2_24h 160 24 0.02g Na2SO3 -5.0 bn(69)ccp(6)cv(7)dg(12) 
BSS160N2_96h 160 96 0.02g Na2SO3 -7.8 bn(53)ccp(15)cv(6)dg(18) 
BSS160N2_360h 160 360 0.02g Na2SO3 -13.8 bn(26)ccp(23)cv(12)dg(24) 
BCS200N2_4h 200 4 0.12g CuSO4·5H2O -12.0 bn(17)ccp(22)cv(8)dg(34)hm(7) 
BCS200N2_12h 200 12 0.12g CuSO4·5H2O -6.5 bn(6)ccp(7)dg(19)cc(61) 
BCS200N2_24h 200 24 0.12g CuSO4·5H2O 11.0 ccp(3)dg(25)cc(52)nn(24)ata(8) 
BCS200N2_48h 200 48 0.12g CuSO4·5H2O -4.0 cc(96) 
BCS200N2_96h 200 96 0.12g CuSO4·5H2O -3.3 cc(97) 
BCS180N2_4h 180 4 0.12g CuSO4·5H2O -13.8 bn(20)ccp(25)cv(13)dg(28) 
BCS180N2_9h 180 9 0.12g CuSO4·5H2O -8.0 bn(13)ccp(21)cv(9)dg(38)hm(11) 
BCS180N2_12h 180 12 0.12g CuSO4·5H2O -8.3 bn(12)ccp(19)cv(12)dg(48) 
BCS180N2_24h 180 24 0.12g CuSO4·5H2O -3.5 bn(7)ccp(15)cv(18)dg(21)ata(36) 
BCS180N2_48h 180 48 0.12g CuSO4·5H2O -5.0 bn(8)ccp(7)dg(27)cc(53) 
BCS180N2_96h 180 96 0.12g CuSO4·5H2O -2.0 ccp(4)dg(28)cc(66) 
BCS160N2_4h 160 4 0.12g CuSO4·5H2O -13.3 bn(40)ccp(17)cv(16)dg(14) 
BCS160N2_9h 160 9 0.12g CuSO4·5H2O -15.0 bn(33)ccp(14)cv(13)dg(18)hm(7) 
BCS160N2_24h 160 24 0.12g CuSO4·5H2O -18.3 bn(14)ccp(46)cv(12)dg(10) 
BCS160N2_48h 160 48 0.12g CuSO4·5H2O -13.3 bn(7)cv(36)dg(44) 
BCS160N2_96h 160 96 0.12g CuSO4·5H2O -8.7 cv(25)dg(66) 
BCS160N2_192h 160 192 0.12g CuSO4·5H2O -8.0 cv(11)dg(43)cc(37) 
BIICC200N2_4h 200 4 0.082g CuCl2·2H2O 23.4 ccp(24)cv(15)dg(15)nn(27)ata(42) 
BIICC200N2_9h 200 9 0.082g CuCl2·2H2O 53.5 ccp(16)cv(10)nn(53)ata(74) 
BIICC200N2_24h 200 24 0.082g CuCl2·2H2O 59.1 ccp(7)cv(7)dg(22)nn(53)ata(71) 
BIICC200N2_96h 200 96 0.082g CuCl2·2H2O 43.1 ccp(7)dg(41)nn(26)ata(69) 
BIICC180N2_4h 180 4 0.082g CuCl2·2H2O 3.3 bn(10)ccp(36)cv(7)nn(24)ata(27) 
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BIICC180N2_9h 180 9 0.082g CuCl2·2H2O 10.5 ccp(29)cv(11)dg(16)nn(19)ata(35) 
BIICC180N2_12h 180 12 0.082g CuCl2·2H2O 16.0 ccp(28)cv(15)dg(15)nn(19)ata(39) 
BIICC180N2_24h 180 24 0.082g CuCl2·2H2O 44.9 ccp(17)cv(11)dg(17)nn(37)ata(64) 
BIICC180N2_96h 180 96 0.082g CuCl2·2H2O 39.2 ccp(8)cv(5)dg(12)nn(52)ata(63) 
BIICC160N2_4h 160 4 0.082g CuCl2·2H2O -13.5 bn(20)ccp(40)cv(5)dg(15)nn(7) 
BIICC160N2_9h 160 9 0.082g CuCl2·2H2O -12.5 bn(18)ccp(48)cv(11)nn(11) 
BIICC160N2_24h 160 24 0.082g CuCl2·2H2O 1.0 bn(8)ccp(45)cv(10)nn(17)ata(21) 
BIICC160N2_96h 160 96 0.082g CuCl2·2H2O 5.2 bn(10)ccp(21)cv(4)nn(43)ata(27) 
BIICC160N2_192h 160 192 0.082g CuCl2·2H2O -9.3 bn(12)ccp(34)cv(8)dg(15)nn(23) 
BICC200N2_4h 200 4 0.048g CuCl 32.5 bn(26)ccp(23)dg(28)cc(14)nn(22)ata(19) 
BICC200N2_9h 200 9 0.048g CuCl 41.5 bn(15)ccp(20)dg(44)cc(10)nn(24)ata(29) 
BICC200N2_12h 200 12 0.048g CuCl 44.0 bn(11)ccp(14)dg(33)cc(11)nn(44)ata(31) 
BICC200N2_24h 200 24 0.048g CuCl 44.9 bn(11)ccp(14)cv(4)dg(48)nn(23)ata(45) 
BICC200N2_96h 200 96 0.048g CuCl 46.8 ccp(7)cv(4)dg(40)nn(12)ata(84) 
BICC180N2_4h 180 4 0.048g CuCl 30.2 bn(48)ccp(20)dg(30)cc(6)nn(11)ata(15) 
BICC180N2_9h 180 9 0.048g CuCl 33.3 bn(22)ccp(19)dg(31)cc(13)nn(24)ata(24) 
BICC180N2_12h 180 12 0.048g CuCl 36.2 bn(25)ccp(21)dg(40)nn(19)ata(31) 
BICC180N2_24h 180 24 0.048g CuCl 47.8 bn(14)ccp(20)cv(7)dg(37)nn(26)ata(44) 
BICC180N2_96h 180 96 0.048g CuCl 39.0 ccp(13)cv(7)dg(29)nn(24)ata(67) 
BICC160N2_4h 160 4 0.048g CuCl 42.3 bn(87)ccp(3)dg(9)nn(25)ata(19) 
BICC160N2_9h 160 9 0.048g CuCl 24.5 bn(72)ccp(2)dg(15)nn(13)ata(22) 
BICC160N2_24h 160 24 0.048g CuCl 20.2 bn(82)ccp(2)dg(15)cc(6)nn(7)ata(9) 
BICC160N2_96h 160 96 0.048g CuCl 10.5 bn(40)cv(6)dg(31)cc(19)ata(14) 
BICC160N2_192h 160 192 0.048g CuCl 14.7 bn(26)cv(8)dg(24)cc(56) 
*In all runs, 40 ± 0.1 mg bornite and 7 mL of pH 1.01 background solution (0.134 M HCl + 0.05 M KCl) were used. 
In the run label, B stands for bornite, SS for Na2SO3, CS for CuSO4·5H2O, ICC for CuCl, IICC represents CuCl2·2H2O. 
The numbers indicate the temperature (°C), N2 - nitrogen atmosphere. The digits after the underscore denotes the 
reaction time in hours.  
†Percentage change in solid mass before and after each experiment. Negative means mass loss; positive means mass 
gain. 
‡Absolute weight percentage (against initial bornite mass) of the mineral phase(s) in the reaction products. Mineral 
abbreviations: bn = bornite; ccp = chalcopyrite; dg = digenite; cv = covellite, cc = chalcocite; hm = hematite; nn = 
nantokite; ata = atacamite. 
 
2.2.4.2. Optical and scanning electron microscopy 
Microscopic examination of mineral grains was carried out using a NIKON Eclipse E200 
MV reflective optical microscope equipped with a TrueChrome II Camera, and a Zeiss 1555 field-
emission variable pressure scanning electron microscope (VP-FESEM) equipped with an energy 
dispersive X-ray spectrometer (EDS). Representative grains were first embedded in low shrinkage 
epoxy resin (Epifix kit, Struers), then were ground and polished on a Struers LaboForce-100 
polishing machine using 1200 grit abrasive paper and 3 µm and 1 µm diamond suspensions. The 
polished blocks were first examined by optical microscopy and then selected samples were coated 
with a thin film of carbon for FESEM examination using an acceleration voltage of either 15 or 
20 keV. Compositional analyses were also carried out using EDS applying an acquisition time of 
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120 s. The average size of the lamellae was measured using the Tucsen TCapture software, as well 
as with ImageJ software. 
2.2.4.3. Electron probe microanalysis (EPMA) 
The composition of the products from selected experiments were determined using a JEOL 
JXA8530F electron microprobe at Centre for Microscopy, Characterisation and Analysis 
(CMCA), University of Western Australia. Sample preparation was the same as for FESEM. The 
microprobe was operated using a fully focused beam at beam energy of 20 keV, a take-off angle 
of 40°, and a beam current of 20 nA using the following analyzing crystals: LiF for Fe Kα, Cu Kα, 
Zn Kα, and Ni Kα; PETJ for S Kα, Ag Lα, Cd Lα, Cl Kα, and Sn Lα; PETH for Sb Lα, Pb Mα, K 
Kα, and Bi Mα; and TAP for As Lα and Se Lα. The counting times were 20 s for S Kα, Fe Kα, Cu 
Kα, and Pb Mα; 30 s for Cl Kα; 40 s for As Lα, Sb Lα, Se Lα, Ni Kα, Ag Lα, Bi Mα, Cd Lα, Zn 
Kα and Sn Lα. A selection of commercially available metals (Fe, Cu, Ni, Ag, Bi, Cd, Zn, Sb), as 
well as synthetic and natural oxide (SnO2), silicates (Na8(Al6Si6O24)Cl2, KAlSi3O8), sulphides 
(pyrite, chalcopyrite, galena), selenide (Bi2Se3) and arsenide (GaAs) were used as standards for 
calibration. Unknown and standard intensities were corrected for dead time and the 
Armstrong/Love Scott ZAF Algorithm was used for matrix absorption correction (Armstrong, 
1988). Corrections for on peak interference were also applied where appropriate (Donovan et al., 
1993), and Mean Atomic Number background correction was used throughout (Donovan and 
Tingle, 1996). Considering the complex texture of the run products, single spot electron probe 
microanalyses were collected only from phases with sizes larger than 5 µm. 
Quantitative wavelength dispersive spectroscopy (WDS) elemental maps of selected 
reacted grains were acquired using analyzing crystals LiF for Cu Kα and Fe Kα, and PETJ for S 
Kα, a beam current of 40 nA, a pixel counting time of 100 ms, and a pixel dimension of 
35 
 
0.5×0.5 μm. The detection limit map of Cu, Fe and S were also obtained and used as the minimum-
cut off values. The Calcimage software package was used for initial data processing while 
subsequent processing and enhancement of the Calcimage output was done with Surfer®. 
2.2.4.4. Electron backscatter diffraction (EBSD) 
EBSD was carried out on grain mounts of experimental material. To remove a thin distorted 
surface layer introduced by mechanical polishing, the samples were polished using Buehler 
MasterMet2 colloidal silica on a vibrating lap for 2 h and then ion-milled for 3 h using Ar ions 
bombarding the surface at 5° with an accelerating voltage of 4.5 keV and a current of 2 mA. After 
the milling procedure, the samples were coated with a thin carbon film and then placed in the SEM 
chamber using a pre-tilted holder that inclines the sample normal at 70° to the incident electron 
beam. A Zeiss UltraPlus FEGSEM equipped with an Oxford Symmetry EBSD detector and an 
Oxford XMax energy dispersive spectroscopy (EDS) detector, located at CSIRO, Kensington, 
were used to study, respectively, the crystallographic orientations and chemistry of the neighboring 
phases. The EBSD data and concurrent EDS maps were acquired using an accelerating voltage of 
20 keV, a beam current of ~15 nA, and a working distance of ~9 mm. Digenite (a = 5.57 Å) and 
chalcopyrite (a = 5.28 Å) are cubic and bornite displays cubic pseudosymmetry (a ≈ 5.47 Å) 
resulting in similar Kikuchi patterns that prevent reliable automatic indexing during EBSD 
mapping. The phase distribution was mapped using EDS elemental maps and their orientations 
were confirmed with manually indexed EBSD measurements. Combined indexing using EDS to 
constrain the phase was not available on this system at the time of analysis. EBSD maps were used 
to investigate the relationship between covellite (indexed as 6/mmm) and digenite (indexed as 
m3̅m).  EBSD data analyses were carried out using the HKL Chanel 5 software. Pole figures were 
prepared in a way that the projections are contoured at multiples of uniform distribution (MUD). 
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Orientation data are presented as upper hemisphere equal area projection pole figures, contoured 
using a Gaussian with half width at half maximum of 15° and cluster size of 5°. 
2.2.4.5. Inductive coupled plasma – optical emission spectroscopy (ICP-OES) 
A Thermo Scientific iCAPTM 7600 inductively coupled plasma optical emission spectrometer was 
used to determine the concentrations of Cu and Fe in the starting bornite and the reacted solutions. 
The calibration curves were obtained from the standard solutions of 1, 5, 10, 20, 40, 60, 80 and 
100 ppm. The starting bornite sample (0.2 g) was completely digested in aqua regia (4.5 mL of 34-
37% HCl and 1.5 mL of 67-69% HNO3) using an Anton Paar Multiwave PRO microwave reaction 
system (900 W for 35 min). The digested bornite solution and reacted solutions were filtered 
through 0.20 µm syringe filters and then diluted to the concentration range of the calibration curves 
before ICP-OES analyses. 
2.3. Results 
2.3.1.  Dry reference experiments 
The PXRD patterns of bornite from six dry experiments carried out at three temperatures 
(160, 180, and 200 °C) for 24 and 612 h showed no evidence for the formation of new minerals. 
Similarly, no exsolution lamellae of chalcopyrite or any other phase were noted during 




Fig. 2.2. Reflective optical images of bornite after annealing under dry and vacuum conditions for 
24 and 612 hours at 160 °C, 180 °C, and 200 °C, showing no reactions under these conditions. 
 
2.3.2.  The evolution of mineralogy and sample texture 
2.3.2.1. Control experiments 
The mineralogical changes during the transformation of bornite under hydrothermal 
conditions at three temperatures are evident in the PXRD patterns (Fig. EA1 in Electronic 
Annexes), their quantitative phase analyses (Figs. 2.3d, h, l; Table 2.2), and microscopic 
observations (Figs. 2.3a-c, e-g, i-k). The reactions produced assemblages of bornite, chalcopyrite, 
digenite, and covellite. At 200 °C after 24 h of reaction, chalcopyrite lamellae exsolved from 
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bornite throughout the entire mineral grain; digenite surrounded each chalcopyrite lamella, and the 
digenite itself was replaced by covellite on the grain surface (Fig. 2.3k). At this stage of the 
reaction, the product consisted of 8 wt.% of unreacted bornite, 16 wt.% of chalcopyrite lamellae, 
9 wt.% of covellite, and 35 wt.% of digenite (Fig. 2.3l; Table 2.2). The colour of the sample 
changed from brownish for (Fe, S)-rich minerals to bluish for Cu-rich varieties. The chalcopyrite 
lamellae had two sizes (Table 2.3), (i) fine lamellae 1-2 µm thick and 4-11 μm long, and 
(ii) relatively coarse lamellae 2-9 µm thick and 11-23 μm long (Fig. 2.3k). After 48 h, bornite was 
completely transformed to 15 wt.% of chalcopyrite, 20 wt.% of covellite, and 45 wt.% of digenite 
(Fig. 2.3l). Chalcopyrite disappeared after 96 h and was replaced by digenite and the reaction 
products were made up of digenite and covellite, and no other phases formed with further reaction 
for up to 768 h (Figs. 2.3 i, j, l). Hence, there are two populations of digenite, one formed due to 
the decomposition of bornite (digenite(I)) and the other replaced chalcopyrite (digenite(II)). The 
amount of covellite increased over time from 26 wt.% at 96 h to 33 wt.% at 768 h, while the 
amount of digenite decreased from 54 wt.% to 41 wt.% in the same time period (Fig. 2.3l). Also, 
covellite replaced digenite almost throughout the entire rim region after 768 h comparing to 96 h 




Fig. 2.3. Reflected light images of the reaction products formed during the replacement of bornite 
in the control solution as a function of time at (a-c) 160 °C, (e-g) 180 °C, and (i-k) 200 °C. (d, h, 
l) The corresponding outcomes of the quantitative phase analyses show the change in phase 
abundance (in absolute wt.%) during the replacement of bornite as a function of time at (d) 160 









Table 2.3. Summary of the size of chalcopyrite lamellae formed in the reactions. 
 
 
At 180 °C the reaction was slower than at 200 °C, but the mineral evolution was similar, 
involving initial exsolution of chalcopyrite lamellae from bornite, and formation of digenite and 
covellite (Figs. 2.3e-g). After 24 h, 35 wt.% of bornite remained unreacted; the rest was 
chalcopyrite lamellae (12 wt.%), digenite (31 wt.%), and thin zones of covellite (6 wt.%) at the 
rim of the reacted grains (Figs. 2.3g, h). The chalcopyrite lamellae were 0.2-1.29 µm wide, thinner 





Width (µm) Length (µm) 
Control  
B200N2_24h 200 24 
                     1.44 (fine) 
             4.31 (coarse) 
                       7.93 (fine) 
                    16.33 (coarse) 
B180N2_24h 180 24                       0.79 
                       5.73 (fine) 
                  20.83 (coarse) 
Na2SO3 BSS200N2_24h 200 24                     1.86                      11.23 
BSS200N2_96h 200 96                    1.66                        6.89 
BSS180N2_24h 180 24                    1.63                       8.42 
BSS180N2_96h 180 96                    1.69                       8.12 
BSS180N2_360h 180 360                    1.48                       7.50 
BSS160N2_24h 160 24                     1.63                20.63 
BSS160N2_96h 160 96                3.50                28.17 
BSS160N2_360h 160 360  8.82    52.18 
CuSO4 BCS200N2_4h 200 4                   1.94                     12.02 
BCS200N2_24h 200 24                       0.59                        5.78 
BCS180N2_4h 180 4                      0.87                       7.13 
BCS180N2_24h 180 24 
                       0.17 (fine) 
                   2.43 (coarse) 
                      8.29 
BCS160N2_4h 160 4                         0.31                      8.91 
BCS160N2_24h 160 24                         0.30                       8.68 
CuCl2 BIICC160N2_4h 200 4                         0.25                         2.20 
BIICC160N2_24h 160 24                         0.11                          0.85 
BIICC160N2_96h 160 96 
                        0.15 (fine) 
                        0.44 (coarse) 
                         1.23 (fine) 
                        2.89 (coarse) 
CuCl BICC200N2_4h 200 4                     1.20                       7.48 
BICC200N2_24h 200 24                   1.28                        5.72 
BICC180N2_4h 180 4                      1.28                       7.97 
BICC180N2_24h 180 24                  2.46                    11.22 
BICC180N2_96h 160 96                 1.93                       9.50 
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than those observed at 200 °C (Figs. 2.3g, k; Table 3). Most chalcopyrite lamellae were 2-10 µm 
long, but a few longer (18-27 µm) ones were also observed (Fig. 2.3g; Table 3). These chalcopyrite 
lamellae form a two-dimensional network crosscutting at ~ 90° (Fig. 2.3g). After 48 h, the reaction 
produced more chalcopyrite (15 wt.%), covellite (13 wt.%), and digenite (39 wt.%) at the expense 
of bornite (Fig. 2.3h). As the reaction time increased to 96 h, chalcopyrite disappeared, and 93 
wt.% of the bornite was replaced by digenite (53 wt.%) in the particle cores and by covellite (21 
wt.%) along the rims; the remaining bornite (7 wt.%) was embedded in digenite (Figs. 2.3f, h). 
After 384 h, bornite was completely replaced by digenite (50 wt.%) and covellite (26 wt.%) 
(Fig. 2.3h). Further increase in time to 768 h resulted in the partial replacement of digenite by 
covellite, as documented by increase amount of covellite (34 wt.%) and decrease in digenite to 42 
wt.% (Fig. 2.3h). The replacement proceeded from the surface to the interior of the grains 
(Figs. 2.3e, f). 
The reaction was the slowest at 160 °C, with minor exsolution of chalcopyrite (4 wt.%) 
detected by QPA after 24 h. Chalcopyrite disappeared after 96 h (Fig. 2.3d). Like at 180 and 
200 °C, both digenite and covellite formed after 24 h, with (i) digenite replacing bornite from the 
surface to the interior of the grains and along fractures, and (ii) covellite replacing digenite 
(Fig. 2.3c). After 96 h, three zones were identified in the reacted grains: (i) a core composed of 
bornite (34 wt.%), (ii) a layer of digenite (34 wt.%) with thickness 35.4 µm (25.06-57.50 µm, 
ẟ = 10.25) surrounding the bornite core; and (iii) an outer rim of covellite (15 wt.%) with a 
thickness 15.0 µm (5.95-39.63 µm, ẟ = 10.12) replacing digenite (Figs. 2.3b, d). The digenite zone 
grew at the expense of bornite core (Figs. 2.3c, b). The replacement of bornite by digenite, and 
digenite by covellite continued with increasing reaction time (Fig. 2.3d), leading to the 
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disappearance of bornite after 768 h and a final assemblage of 35 wt.% covellite and 42 wt.% 
digenite (Figs. 2.3a, d). 
2.3.2.2. The effect of sodium sulphite (Na2SO3) 
The experiments with added sodium sulphite produced mineral assemblages and textures 
broadly similar to the control experiments (Fig. 2.4; Fig. EA2 in Electronic Annexes). However, 
some important differences were observed. 
 
Fig. 2.4. Reflected light images of the reaction products formed during the replacement of bornite 
in a Na2SO3 solution as a function of time at (a-c) 160 °C, (e-g) 180 °C, and (i-k) 200 °C. (d, h, l) 
The corresponding outcomes of the quantitative phase analyses show the change in phase 
abundance (in absolute wt.%) during the replacement of bornite as a function of time at (d) 160 




Firstly, the reactions were slower. For example, at 200 °C in the control experiments 
bornite and chalcopyrite were completely replaced after 48 and 96 h, respectively (Fig. 2.3l), 
compared with 192 h in sodium sulphite solution (Fig. 2.4l). Similarly, at 180 °C, both 
chalcopyrite and bornite had completely reacted after 96 and 384 h, respectively, in the control 
experiment (Fig. 2.3h), but both minerals were present after 360 h in the sulphite solution 
(Fig. 2.4h). 
Secondly, more chalcopyrite was formed in the experiments with sulphite. For example, 
the maximum amount of chalcopyrite formed in the control experiments was 16 wt.% (200 °C for 
24 h in Fig. 2.3l), while as much as 33 wt.% was formed in the sulphite experiments (180 °C for 
96 h in Fig. 2.4h). 
Thirdly, the number of chalcopyrite lamellae decreased with decreasing temperature from 
200 to 160 °C, but their sizes increased (Fig. 2.4). At 160 °C the size of chalcopyrite lamellae 
increased with reaction time, such that they were much thicker than in the control experiments 
(Table 2.3). The average width of the chalcopyrite lamellae increased from 1.63 µm (range 1-3 
µm, ẟ= 0.62) at 24 h (Fig. 2.4c), to 3.5 µm (2-5 µm, ẟ= 1.16) at 96 h (Fig. 2.4b), and to 8.82 µm 
(4-14 µm, ẟ= 3.40) at 360 h (Fig. 2.4a); while the average length increased from 20.6 µm (4-62.5 
µm, ẟ= 12.3) at 24 h (Fig. 2.4c), to 28.2 µm (16-38 µm, ẟ= 8.62) at 96 h (Fig. 2.4b), and to 52.2 
µm (27-87 µm, ẟ= 21.0) at 360 h (Fig. 2.4a). 
2.3.2.3. The effect of cupric sulphate (CuSO4) 
Addition of cupric sulphate favoured the formation of Cu-rich minerals such as chalcocite, 
and the evolution of mineralogy became more complicated compared to control and sulphite 
experiments (Fig. 2.5; Fig. EA3 in Electronic Annexes). In addition to the decomposition of 
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bornite to chalcopyrite and digenite, and the subsequent replacement of digenite by covellite, the 
reverse replacement of covellite by digenite (48 & 96 h in Fig. 2.5d), and digenite by chalcocite 
were observed (Figs. 2.5d, h, l). The decomposition of bornite was faster than in control 
experiments, taking 24 h at 200 °C, and 96 h at 180 and 160 °C in CuSO4 experiments (Figs. 2.5d, 
h, l), compared to 48 h at 200 °C, 384 h at 180 °C, and 768 h at 160 °C in the control experiments 
(Figs. 2.3d, h, l). Apart from the sulphides, transient hematite, nantokite, and atacamite also 
formed. Hematite was observed at all three temperatures at the early stage concurrently along with 
the formation of chalcopyrite; that is at 4 h at 200 °C, and 9 h at 180 and 160 °C (Figs. 2.5d, h, l). 
Nantokite and/or atacamite (greenish colour) were only observed in two experiments (200 and 
180 °C for 24 h), and they disappeared after 24 h (Figs. 2.5h, l). 
Textural analysis revealed that the decomposition of bornite produced very small 
chalcopyrite lamellae surrounded by digenite in the entire grains (Figs. 2.5b, c, f, g, j, k; Table 2.3). 
At 200 °C, the average length of the chalcopyrite lamellae decreased from 12.0 µm (range 6.7-
23 µm, ẟ= 4.95) at 4 h to 5.78 µm (range 2.6-12.9 µm, ẟ= 2.73), while their width decreased from 
1.94 µm (range 0.27-4 µm, ẟ= 1.16) to 0.59 µm at 24 h (Figs. 2.5j, k; Table 2.3). At 180 °C, the 
average length of chalcopyrite lamellae is 7.13 µm (range 2.69-11.5 µm, ẟ= 2.54) at 4 h and 
8.29 µm (range 5.17-12.70 µm, ẟ= 2.81) at 24 h, while the width at 4h is 0.87 µm (range 0.28-
1.66 µm, ẟ= 0.45) and the width after 24 h is 0.17 µm for the fine lamellae and 2.43 µm for the 
coarser lamellae (Figs. 2.5f, g; Table 2.3). At 160 °C, the chalcopyrite lamellae were only 0.14-
0.45 µm thick after 4 and 24 h (Figs. 2.5b, c), 10 times thinner than the lamellae observed in the 
control experiments. Chalcopyrite lamellae crosscut at 90° and 60° angles (Figs. 2.5b, c). The 
replacement of chalcopyrite lamellae by digenite, and digenite by covellite occurred from the 
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surface to the interior of the grains. However, the subsequent replacement of digenite by chalcocite 
occurred in the entire grain rather than from the surface to the interior (Fig. 2.5e).  
Temperature affected the abundance of covellite. At 200 °C, covellite was a transient 
phase. After 4 h, 8 wt.% of covellite was formed, but then it disappeared after 12 h (Fig. 2.5l). At 
180 °C, covellite started to form after 4 h (13 wt.%), increased in amount and reached its maximum 
of 18 wt.% after 24 h, and then disappeared after 48 h (Fig. 2.5h). The reactions at 160 °C produced 
36 wt.% of covellite, after 48 h, and then the amount decreased gradually with time (Fig. 2.5d). 
 
Fig. 2.5. Reflected light images of the reaction products formed during the replacement of bornite 
in a CuSO4 solution as a function of time at (a-c) 160 °C, (e-g) 180 °C, and (i-k) 200 °C. (d, h, l) 
The corresponding outcomes of the quantitative phase analyses show the change in phase 
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abundance (in absolute wt.%) during the replacement of bornite as a function of time at (d) 160 
°C, (h) 180 °C, and (l) 200 °C. The red dashed line indicates 100 wt.%. bn = bornite; ccp = 
chalcopyrite; cv = covellite; dg = digenite; cc = chalcocite, nn = nantokite, ata = atacamite. 
 
2.3.2.4. The effect of cupric chloride (CuCl2) 
Distinct features of the runs with added cupric chloride are abundant nantokite and 
atacamite (Figs. 2.6d, h, l). Like in the control, Na2SO3 and CuSO4 experiments, the reactions with 
cupric chloride started with the initial decomposition of bornite to chalcopyrite and digenite(I); 
however, the rate of transformation was much faster (Fig. 2.6; Fig. EA4 in Electronic Annexes). 
For example, complete decomposition of bornite took less than 4 h at 200 °C and <9 h at 180 °C 
(Figs. 2.6h, l). Initially, at a temperature of 160 °C, bornite decomposition was rapid, with 80% 
completion within the first 4 h (Fig. 2.6d; Table 2.2). However, it subsequently slowed down and 
12 wt.% of bornite was detected after 192 h. Similar to the cupric sulphate condition, after the 
initial bornite decomposition, chalcopyrite was replaced by digenite(II), and then the replacement 
of both digenite(I) and (II) by covellite, and covellite by digenite(III) took place (Fig. 2.6). 
However, unlike the reactions with cupric sulphate, further replacement of digenite(III) by 
chalcocite was not observed here (Figs. 2.6e, i). 
Chalcopyrite lamellae were the thinnest compared with the ones produced in the other four 
solutions (Fig. 2.6; Table 2.3). For example, the chalcopyrite lamellae were 0.08-0.44 µm thick 
after 4 h reaction at 160 °C (inset in Fig. 2.6c). The textures of the chalcopyrite, digenite, and 
covellite assemblage are similar to those in the cupric sulphate experiments. For example, 
replacement reactions proceeded from the surface into the core of the grains (Fig. 2.6) and along 
fractures (Figs. 2.6f, k). However, at 160 and 180 °C, the thickness of the replacement rim is not 
uniform, with a thick layer on one side and a very thin layer on the other side of the grains 
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(Figs. 2.6a-c, g). Additionally, nantokite and atacamite cover the surface (Fig. 2.6) or fill fractures 
or pores within the grains (Figs. 2.6e, f, k). This may have caused surface passivation, slowing 
down bornite decomposition after the initial rapid stage, and causing non-uniform replacement 
rim. 
 
Fig. 2.6. Reflected light images of the reaction products formed during the replacement of bornite 
in a CuCl2 solution as a function of time at (a-c) 160 °C, (e-g) 180 °C, and (i-k) 200 °C. (d, h, l) 
The corresponding outcomes of the quantitative phase analyses show the change in phase 
abundance (in absolute wt.%) during the replacement of bornite as a function of time at (d) 160 
°C, (h) 180 °C, and (l) 200 °C. The red dashed line indicates 100 wt.%. bn = bornite; ccp = 




2.3.2.5. The effect of cuprous chloride (CuCl) 
As in the previous experiments, the initial stage of the reaction involved phase separation 
of bornite to chalcopyrite lamellae and digenite(I), and then chalcopyrite to digenite(II) (Fig. 2.7; 
Fig. EA5 in Electronic Annexes). However, the next step involved the replacement of digenite(I) 
and (II) by chalcocite rather than by covellite (Figs. 2.7). Then chalcocite was replaced by 
digenite(III), and finally, some digenite(III) and the remaining digenite(I) and (II) were replaced 
by covellite (Fig. 2.7). Similar to the cupric chloride run, nantokite and atacamite precipitated due 
to the high activity of Cl- in the solution. Chalcopyrite remained longer than in the control 
experiments (Figs. 2.3d, h, l; 2.7d, h, l). For example, after 96 h at 200 °C, no chalcopyrite 
persisted in the control experiment (Figs. 2.3j, l), but only about 7 wt.% remained in the cuprous 
chloride run (Figs. 2.7i, l). Similarly, at 180 °C, chalcopyrite was completely transformed after 
96 h in the control run, but about 13 wt.% remained in the cuprous chloride run (Figs. 2.3f, h; 2.7e, 
h). 
Chalcopyrite lamellae were wider and longer than in the cupric chloride runs, comparable 
to the lamellae produced from the control and the cupric sulphate runs, and thinner than those from 
sodium sulphite runs. Also, the size of the lamellae decreased with increasing temperature 
(Table 2.3). At 200 °C, the lamellae are 0.14-3.04 μm thick and 3.24-13.8 μm long, while at 
180 °C, they are 0.28-5.86 μm thick and 1.42-25.5 μm long. The replacement textures amongst the 
sulphides are generally similar to the other four conditions, i.e., the porous product phases replace 
the parent phases from the grain surface or from fractures, with sharp boundaries between the 
phases (Fig. 2.7). Similar to the cupric chloride runs, nantokite and atacamite precipitated on the 




Fig. 2.7. Reflected light images of reaction products formed during the replacement of bornite in 
a CuCl solution as a function of time at (a-c) 160 °C, (e-g) 180 °C, and (i-k) 200 °C. (d, h, l) The 
corresponding outcomes of the quantitative phase analyses show the change in phase abundance 
(in absolute wt.%) during the replacement of bornite as a function of time at (d) 160 °C, (h) 180 
°C, and (l) 200 °C. The red dashed line indicates 100 wt.%. bn = bornite; ccp = chalcopyrite; cv = 
covellite; dg = digenite; cc = chalcocite, nn = nantokite, ata = atacamite.  
 
2.3.3. The evolution of solution compositions 
The changes of Fe and Cu concentrations (ICP-OES results) are shown as a function of 
reaction time for the different solution environments and temperatures in Fig. 2.8 (data is provided 
in Table EA1 in Electronic Annex). Concentrations and % of metal released from the solids are 
shown on the left and right vertical axes, respectively, except for the experiments in Cu-enriched 
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solutions (Figs. 2.8f, h, j), where released Cu% could not be calculated due to the initial high 
concentrations of Cu2+/Cu+ and precipitation of nantokite and atacamite. 
For all conditions, Fe was first rapidly released into the solutions, and then the Fe release 
slowed down (Figs. 2.8a, c, e, g, i). For example, in control and sulphite runs, rapid Fe release 
occurred in the first 24 h (40-65%; Figs. 2.8a, c); while for the experiments in Cu-rich solutions, 
rapid Fe release occurred in the first 10 h (Figs. 2.8e, g, i), releasing 55-90% Fe in CuSO4-, 20-
80% in CuCl2-, and 30-55% in CuCl-experiments. The Fe release rates increase with increasing 
temperature. In most experiments, particularly at 200 °C, the most Fe (>90%; some achieved 
100%) was released after the longest reaction time. 
In contrast, little Cu was released in the control and sulphite experiments, less than 4% in 
the control experiments (Fig. 2.8b), and less than 1.5% in the sulphite experiments (Fig. 2.8d). In 
the experiments using Cu-rich solutions, significant reductions of Cu concentration were observed 







































































































































































































































































































































































































































































































































Fig. 2.8. The concentrations of Fe and Cu as a function of reaction time in solutions from (a, b) 
the control experiments, (c, d) the Na2SO3 experiments, (e, f) the CuSO4 experiments, (g, h) the 
CuCl2 experiments, and (i, j) the CuCl experiments. For the control and Na2SO3 experiments, the 
percentages of released Fe and Cu from bornite are also plotted as a function of time (a-d). 
 
2.3.4. Crystallographic orientation relationship between the associated minerals 
EBSD analyses were performed to determine the crystallographic orientation and structural 
relationship between the associated minerals. Due to structural similarities between bornite, 
digenite, and chalcopyrite, their EBSD Kikuchi patterns differ only by one or two weak bands. It 
is possible to tell the difference between the phases by manual inspection since the chalcopyrite 
patterns have more consistent contrast between bands (compare Figs. 2.9g and e). However, the 
automatic indexing led to numerous misindexing issues, especially between chalcopyrite and 
bornite. Hence, bornite, chalcopyrite and digenite phases were confirmed by investigating their 
Cu:Fe:S ratios in EDS maps (Figs. 2.9b-d; 2.10b-d). Spot EBSD analyses, carried out on the 
identified minerals, confirmed their orientations. The near-identical EBSD Kikuchi patterns 
obtained from the spot analyses of bornite, chalcopyrite, and digenite (Figs. 2.9e-g; 2.10e-g) 
suggest that all three minerals share principal zone axes; e.g., [1 0 0], [0 1 0], and [0 0 1], 
respectively. This relationship was confirmed for samples under all experimental conditions. 
Digenite and covellite could be discriminated during automated mapping. The orientation 
relationship between digenite and the replacing covellite depended on the conditions of the 
experiments. The sample reacted in the CuSO4 solution at 180 °C for 24 h, showed pole figures 
suggesting {1 0 0}dg||{0 0 0 1}cv and {1 0 0}dg||{1 1 2 ̅0}cv and necessarily {1 0 0}dg||{1 0 1 ̅0}cv 
(Figs. 2.9h, i) with a strong preference for one of the symmetrically equivalent {1 0 0} planes. The 
sample exposed to the Na2SO3 solution at 200 °C for 24 h showed more complex pole figures. 
Most covellite crystals showed the same relationship as for the reaction with CuSO4 where 
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covellite crystals oriented with respect to digenite as {1 0 0}dg||{0 0 0 1}cv and {1 0 0}dg||{1 1 
2 ̅0}cv (Figs. 2.10h, i). A second relationship is also present in these data with {1 1 1}dg ||{0 0 0 
1}cv and {1 1 0}dg ||{1 0 1 ̅0}cv.     
  
Fig. 2.9. Results of microscopic, EDS and EBSD analyses of a mineral grain after 24 hours of 
reaction at 180 °C in the CuSO4 solution. (a) BSE image and (b-d) EDS elemental maps showing 
the area of EBSD analyses and mapping; (e-f) Kikuchi patterns of the areas indicated in (a); pole 
figures of (h) digenite and (i) covellite from the area shown in (a-d). bn = bornite; dg = digenite; 







Fig. 2.10. Results of microscopic, EDS and EBSD analyses of a mineral grain after 24 hours of 
reaction at 200 °C in the Na2SO3 solution. (a) Optical reflected light image and (b-d) EDS 
elemental maps showing the area of EBSD analyses and mapping; (e-f) Kikuchi patterns of the 
areas indicated in (a); pole figures of (h) digenite and (i) covellite from the area shown in (a-d). bn 
= bornite; dg = digenite; ccp = chalcopyrite; cv = covellite. 
 
2.3.5. Mineral chemistry 
2.3.5.1. EPMA spot analyses 
The composition of the bornite relicts in the control, Na2SO3 and CuCl experiments were 
close to the starting bornite (Fig. 2.11; Table 2.4). The composition of bornite from the CuSO4 and 
CuCl2 experiments could not be determined due to small size of the bornite relicts (<5 µm; e.g. 
Fig. 2.5). 
In most cases, chalcopyrite lamellae deviated from stoichiometric composition (Table 2.4), 
being Cu-enriched with (Cu+Fe)/S > 1 and Cu/Fe > 1 (Fig. 2.11). Chalcopyrite compositions could 
55 
 
not be determined for the CuSO4 and CuCl2 experiments due to the small size of the lamellae. The 
variance in chalcopyrite compositions is probably a reflection of the uncertainties of the analyses 
or sample inhomogeneity rather than any systematic variation in composition with solution 
conditions. 
Digenite formed in the CuSO4 experiments and two of the CuCl experiments were (near)-
stoichiometric, while the other conditions produced Cu-deficient digenite (Fig. 2.11). 
The covellite from the control and Na2SO3 experiments were (near)-stoichiometric. 
Covellite formed in CuSO4 and CuCl experiments was Cu-enriched, with Cu/S in the range of 1.1-
1.25 (Fig. 2.11). This elevated Cu concentration might be due to the submicroscopic inclusions of 












Fig. 2.11. The atomic ratios of (Cu+Fe)/S and Cu/Fe in the remaining bornite and the produced 
chalcopyrite, as well as the Cu/S ratios in the produced digenite and covellite. For bornite, the 
dashed lines indicate the (Cu+Fe)/S and Cu/Fe ratios of starting bornite. The standard deviation 






Table 2.4. Summary of the chemical composition of the products (EPMA single point analyses). 






Weight percentage of elements, 
mean(standard deviation) 
Composition Mineral# 
Cu Fe S 
Control B200N2_24h 200 24 7 66.08(0.87) bdlǂ 33.16(0.61) Cu1.01(0.02)S1.00 cv 
13 76.50(0.79) 1.00(0.25) 22.81(0.18) Cu8.46(0.11)Fe0.13(0.03)S5.00 dg 
B180N2_24h 180 24 9 63.44(0.32) 10.24(0.30) 26.03(0.18) Cu4.92(0.05)Fe0.90(0.02)S4.00 bn 
8 75.79(0.42) 0.92(0.35) 23.19(0.40) Cu8.25(0.17)Fe0.11(0.04)S5.00 dg 
3 40.54(4.23) 24.60(2.82) 33.10(1.14) Cu1.24(0.18)Fe0.85(0.07)S2.00 ccp 
4 65.85(1.72) bdl 31.40(2.10) Cu1.06(0.09)S1.00 cv 
B160N2_24h 160 24 18 65.48(0.14) 10.82(0.09) 26.31(0.12) Cu5.02(0.02)Fe0.94(0.01)S4.00 bn 
8 78.78(1.30) 0.81(0.68) 23.45(0.27) Cu8.48(0.19)Fe0.10(0.08)S5.00 dg 
Na2SO3 BSS200N2_24h 200 24 3 64.46(1.62) 10.44(1.21) 26.51(0.67) Cu4.91(0.24)Fe0.90(0.08)S4.00 bn 
12 67.91(1.45) bdl 31.94(1.74) Cu1.08(0.07)S1.00 cv 
3 40.75(3.29) 25.02(2.58) 33.14(1.30) Cu1.25(0.15)Fe0.87(0.06)S2.00 ccp 
BSS180N2_24h 180 24 5 65.35(0.94) bdl 31.76(1.28) Cu1.04(0.06)S1.00 cv 
3 75.37(0.39) 1.39(0.40) 23.15(0.19) Cu8.21(0.11)Fe0.17(0.05)S5.00 dg 
BSS160N2_24h 160 24 20 63.46(1.01) 10.76(0.76) 25.62(0.26) Cu5.00(0.13)Fe0.96(0.06)S4.00 bn 
7 65.55(1.56) bdl 32.31(0.51) Cu1.02(0.02)S1.00 cv 
CuSO4 BCS200N2_24h 200 24 15 78.02(0.61) 0.28(0.19) 21.66(0.43) Cu9.09(0.24)Fe0.04(0.02)S5.00 dg 
BCS180N2_24h 180 24 15 78.45(0.41) 0.46(0.23) 21.96(0.18) Cu9.01(0.11)Fe0.06(0.03)S5.00 dg 
10 66.91(1.68) bdl 27.17(1.36) Cu1.25(0.08)S1.00 cv 
BCS160N2_24h 160 24 14 68.59(1.09) bdl 27.63(0.66) Cu1.25(0.05)S1.00 cv 
CuCl2 BIICC200N2_24h 200 24 4 77.21(1.21) bdl 23.30(0.27) Cu8.36(0.21)S5.00 dg 
4 66.98(0.54) bdl 30.10(1.54) Cu1.13(0.12)S1.00 cv 
BIICC180N2_24h 180 24 3 77.26(0.20) 0.53(0.28) 22.88(0.00) Cu8.52(0.02)Fe0.07(0.03)S5.00 dg 
CuCl BICC200N2_24h 200 24 15 76.48(0.97) 1.08(0.83) 21.92(0.54) Cu8.81(0.29)Fe0.14(0.11)S5.00 dg 
4 67.67(0.98) bdl 28.96(2.81) Cu1.19(0.10)S1.00 cv 
BICC180N2_24h 180 24 3 36.81(0.80) 27.65(0.45) 33.31(0.89) Cu1.12(0.05)Fe0.96(0.01)S2.00 ccp 
8 68.05(3.13) bdl 31.57(2.39) Cu1.10(0.14)S1.00 cv 
15 76.69(0.74) 0.92(0.36) 22.86(0.16) Cu8.47(0.10)Fe0.12(0.04)S5.00 dg 
BICC160N2_24h 160 24 7 77.32(0.66) 1.03(0.48) 21.95(0.59) Cu8.89(0.28)Fe0.13(0.06)S5.00 dg 
7 63.83(0.34) 10.59(0.22) 25.55(0.12) Cu5.04(0.05)Fe0.95(0.02)S4.00 bn 
ǂ bdl = below detection limit.  
#bn = bornite; ccp = chalcopyrite; dg = digenite; cv = covellite. 
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2.3.5.2. EPMA quantitative elemental mapping 
Quantitative WDS elemental maps were collected to visualize the changes in the 
distribution of Cu, Fe and S (Figs. 2.12, 2.13). For the sample reacted in the CuSO4 solution at 
200 °C for 24 h, the maps show the (Fe, S)-enriched and Cu-depleted core of the grain, which 
correlates with the presence of chalcopyrite and digenite(I) (Fig. 2.12). This core was embedded 
by a shell consisting of digenite (i.e. digenite(II) and (III)) and chalcocite. The most interesting 
features are revealed by the Cu and Fe maps (Figs. 2.12c, d). The Fe-map shows an Fe 
concentration gradient from the core to the grain surface (Fig. 2.12c), slowly dropping from 11 
wt.% in the core to 8 wt.% at the core-shell boundary, and then quickly dropping to near zero in 
the shell near the surface (Fig. 2.12c). At the grain surface, a small amount of Fe (~0.5 wt.%) was 
detected in a thin layer (~2 μm) (Fig. 2.12c). No oxygen was detected in this layer, which rules out 
hematite or other Fe-oxides. Probably, it is due to the formation of Fe-rich digenite. The Cu-
concentration increased to about 78 wt.% within the digenite+chalcocite shell compared to 
~61 wt.% in the core (Fig. 2.12d). It can be inferred from the Cu and S concentration profiles (Figs. 
2.12b, d) that compared to the chalcopyrite/digenite core, the digenite/chalcocite rim has a lower 
S concentration (Fig. 2.12b) and a higher Cu concentration (Fig. 2.12d), indicating Cu addition 
(from the solution) and S removal (to the solution) during the replacement reaction. 
For the sample reacted in the Na2SO3 solution at 160 °C for 24 h, the quantitative WDS 
elemental maps revealed a decrease in the Fe concentration gradient (dashed box in Fig. 2.13) from 
the core occupied by bornite to the covellite rim. The Fe concentration in bornite was ~11 wt.% 
and decreased to 4 wt.% in digenite next to the bornite. The Fe concentration decreased to below 
the detection limit in the covellite further away from the bornite. Like the samples reacted in 
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CuSO4 solution at 200 °C for 24 h, digenite next to the bornite showed an increase in Cu to ~80 
wt.% (Fig. 2.13). 
  
Fig. 2.12. Backscattered electron (BSE) image (a) and EPMA quantitative elemental distribution 
maps associated with concentration profiles collected along the purple rectangle (b-d) of Cu, Fe, 
and S of reaction product after reacting bornite with anoxic acidic hydrothermal fluid containing 







Fig. 2.13. Backscattered electron micrograph and EPMA quantitative elemental distribution maps 
of Cu, Fe, and S of reaction product after reacting bornite with anoxic acidic hydrothermal fluid 
containing Na2SO3 at 160 °C for 24 hours. The dashed box shows an area with gradual decreasing 
Fe concentration from bornite to digenite and within digenite. bn = bornite; ccp = chalcopyrite; dg 
= digenite; cv = covellite.  
 
2.4. Discussion 
2.4.1.  Formation of chalcopyrite lamellae and digenite via fluid-induced solid-state 
diffusion (FI-SSD) 
This study highlights the profound effects of temperature and fluid composition on the 
stability of stoichiometric bornite. Hydrothermal fluids triggered the exsolution of chalcopyrite 
lamellae and digenite from bornite and controlled the rate of formation and the size of chalcopyrite 
lamellae. In the absence of a fluid phase, end-member bornite remained intact in the temperature 
61 
 
range of 160-200 °C in the dry experiments (Fig. 2.2). The stability of the end-member bornite 
contrasts with the observed exsolution of low-bornite and intermediate-digenite from the bornite-
digenite solid solution (bdss) (Grguric et al., 2000). 
In the presence of a fluid phase under otherwise identical conditions to the dry experiments, 
bornite decomposed to chalcopyrite lamellae enveloped by digenite, forming an exsolution texture 
within the entire grain. In most cases, the exsolution of chalcopyrite lamellae and digenite from 
bornite was fast and the entire grain was transformed within 4-24 h (Figs. 2.3-2.7). This implies 
that bornite decomposition and formation of chalcopyrite+digenite was induced by the fluid phase. 
Micro- and nano-porosity has been reported as the key pathway for the migrating 
hydrothermal fluid to facilitate the exsolution of chalcopyrite and digenite, and/or replacement 
reactions in the Cu-Fe-sulphide system (e.g., Zhao et al., 2014a,b; 2017; Li et al. 2018; Zhang et 
al., 2020, 2021). The presence of micro- and nano-pores is very important because the starting 
material may contain substantial amount of water-bearing fluid inclusions, accounting for 
~3000 ppm H2O in the case of Zhao et al. (2017), which facilitate the exsolution processes. Zhao 
et al. (2017) also stressed the role of unquenchable transient porosity during replacement of bdss 
and coarsening of the exsolution lamellae, by demonstrating that the kinetic of lamellae coarsening 
depends on the thermal history of the sample. Previous works studied replacement reactions in 
non-stoichiometric, porous bdss that was formed via replacement of chalcopyrite (Zhao et al., 
2014a,b; 2017; Li et al. 2018). Hence, the scenario of this study is different, as we investigate a 




Grain boundaries are believed to be one of the key pathways for the transport of the fluid 
into the mineral grains initiating the mineral replacement reactions (e.g., de Meer et al., 2005; 
Harlov et al., 2005). The grain boundaries in the analysed bornite did not facilitate exsolution of 
chalcopyrite and digenite lamellae during the initial exposure to the hydrothermal solution (Fig. 
2.14). On the contrary, these grain boundaries acted as a barrier for exsolution, which appeared as 
a discordant cut through the elongated chalcopyrite+digenite lamellae (Fig. 2.14). This texture 
suggests that the growth of the lamellae was hindered by a structural misfit at the grain boundary. 
Therefore, the exsolution of chalcopyrite and digenite from the bornite end-member is a solid-state 
rather than a grain boundary assisted dissolution and (re)-precipitation process (Etschmann et al., 
2014). 
 
Fig. 2.14. Reflected light images of the sample reacted in the Na2SO3 solution at 160 °C for 24 
hours, showing (a) chalcopyrite and digenite exsolution at the grain boundary (white dotted line) 
in bornite (1 polarizer). (b) Zoom-in view of the white rectangle area in (a) showing impinged 
growth of ccp+dg lamellae across the grain boundary in bornite (black arrows). (c) Image with 2 
polarizers showing misoriented (~20o) grains of bornite marked by the orientation of the ccp+dg 
lamellae (white continuous lines). The white rectangle in (a) marks the area of image (b). 
 
Hence, we propose that the breakdown of end-member bornite into chalcopyrite and 
digenite is due to fluid-induced solid-state diffusion (FI-SSD), which is based on the combination 
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of fast cation diffusion in Cu-Fe-sulphides, and structural similarities between bornite, 
chalcopyrite and digenite (Fig. 2.15). Zhao et al. (2013) reported the formation of complex mineral 
textures arising from the competition between solid-state diffusion and CDR in the Au-Ag-Te 
system. However, in their case, the solid-state diffusion reaction started after the initial CDR 
reactions; it was noted that the solid-state diffusion depended on the solution composition (pH). 
 
Fig. 2.15. (a) Sulphur framework of bornite-low, digenite-high, and chalcopyrite, showing the 
same cubic closed packed S framework. The volume of one unit cell of bornite-low (thin blue 
lines) is approximately equivalent to 16 unit cells of digenite-high or 8 unit cells of chalcopyrite. 
(b) Models of sulphur frameworks with cations (Cu and Fe) in the tetrahedral sites. 
 
The disequilibrium between the fluid phase and bornite enabled Fe removal from bornite, 
and induced exsolution of chalcopyrite and digenite. When bornite was in contact with the fluid, 
some Fe3+ was removed from bornite through solid-state diffusion from the core of the grain to the 
grain surface, where Fe was dissolved into the solution. This is evident from ICP-OES analyses 
showing rapid release of Fe3+ into the solutions (Fig. 2.8), and from Fe elemental map showing a 
concentration gradient (Fig. 2.12c). In the meantime, only small amounts of Cu+ were released 
64 
 
(Fig. 2.8), in spite of the fact that Cu+ diffusion in bornite is at least 10 times faster than Fe3+ 
(Samalj and Gilevich, 1978). The fluid-induced solid-state diffusion process is also reported for 
the leaching of a bornite-chalcocite mineral assemblage at 90 °C (Hidalgo et al., 2020). Theses 
authors observed the production of lamellae of Cu-deficient bornite and Cu-rich bornite within 
coherent parts of bornite. 
 The fluid phase creates chemical gradient that promotes Fe and Cu diffusion within the 
bornite grains and can remove metals from the mineral surface. The changing mineral composition 
is accommodated by a structural rearrangement. The activation energy for such a rearrangement is 
small for chalcopyrite and digenite due to their structural similarities (Grguric and Putnis, 1999). 
Solid-state diffusion is a very slow process in most minerals at low temperatures, but rapid cation 
diffusion in bornite-digenite solid solution and copper-sulphides has been reported (Grguric and 
Putnis, 1999; Mayer et al., 2011), and was attributed to the crystal structure of these phases 
(Grguric and Putnis, 1999). We propose that the abundant vacancies in the interstitial sites of the 
sulphur lattice facilitate cation diffusion. In low-bornite, the unit cell is based on the cubic close 
packed framework of sulphur atoms (Kanazawa et al., 1978) with 75% of the tetrahedral sites 
randomly occupied by Cu and Fe and the remaining 25% are vacancies. Furthermore, the structures 
of bornite, chalcopyrite and digenite (high) are all based on the cubic close packed framework of 
S atoms (Fig. 2.15), for which the only differences are the vacancy population and cation ordering. 
In digenite (space group Fm3m, a = 5.57 Å), 90% of the tetrahedral sites are filled with Cu, and 
10% are vacancies (Morimoto and Kullerud, 1963); and in chalcopyrite (I4̅2d, a = b = 5.29 Å, c = 
10.42 Å), 25% of the tetrahedral sites are filled with Fe, 25% with Cu, and 50% are vacancies 
(Hall and Stewart, 1973). Hence, the decomposition of bornite to chalcopyrite and digenite may 
be achieved by rearrangement of the cations and vacancies in the sulphur framework once enough 
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Fe and Cu are removed from bornite surface. This hypothesis is supported by the EBSD analyses, 
which showed that bornite, chalcopyrite and digenite share principle zone axes; e.g., [1 0 0], [0 1 
0], and [0 0 1] (Figs. 2.9e-g; 2.10e-g); and by the orientations of the lamellae forming a network 
crosscutting at 90° and 60° (Figs. 2.3g; 2.5b, c), indicating a grain cross-section aligning with the 
basal planes and the {1 1 1} planes of the S lattice. 
Since the cubic closed packed S framework remains relatively undisturbed during bornite 
transformation, chalcopyrite and digenite crystallize via homogenous topotactic nucleation. This 
is possible because chalcopyrite and digenite use the template of bornite cubic closed packed S 
framework. This structural similarity allows for the lowering of the activation energy for 
nucleation since relatively small perturbations are required to transform the reactant to products 
(Xia et al., 2009b). The described crystallographic relationship between these three phases implies 
that metal diffusion is not hindered after the formation of chalcopyrite and digenite. The 
preservation of the structural continuity of the S-lattice across the interfaces (i.e. bornite-
chalcopyrite-digenite interface) will likely minimize the surface energy term, thereby conferring 
some stability to the system (Durazzo and Taylor, 1982). 
2.4.2. How do fluids influence the size and distribution of chalcopyrite lamellae? 
Cation diffusion within and across phases redistributes Fe and Cu, creating conditions for 
nucleation and growth of chalcopyrite and digenite. Hence, the rate of cation diffusion affects the 
rate of chalcopyrite nucleation and growth, and consequently the size, number and distribution of 
the chalcopyrite lamellae. In cases where nucleation is slow relative to growth, fewer but larger 
chalcopyrite lamellae form (Durazzo and Taylor, 1982; e.g. Figs. 2.4a, b). On the other hand, fast 
diffusion of Fe and Cu in bornite will likely favour the formation of a lesser supersaturated local 
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environment with respect to chalcopyrite, which will result in the rapid nucleation of numerous 
and smaller chalcopyrite lamellae (Durazzo and Taylor, 1982). 
This agrees with our experimental observations (Figs. 2.3-2.7; Table 2.3), where cation 
diffusion is induced and affected by the presence of the fluid phase and its chemical composition. 
Specifically, the capability of the fluid phase to remove and accommodate Fe and Cu influences 
the rate of cation diffusion, and determines the size and number of chalcopyrite lamellae. The 
reactions in CuCl2 and CuSO4 fluids were faster than in other fluids (Figs. 2.3-2.7), which led to 
relatively high concentration gradients of Fe from the core to the grain surface (e.g., Figs. 2.9c, 
2.12c), resulting in the formation of numerous small chalcopyrite lamellae (Figs. 2.5, 2.6; 
Table 2.3). In contrast, the reactions in the Na2SO3 fluids were the slowest and produced the largest 
chalcopyrite lamellae (Fig. 2.4; Table 2.3). 
2.4.3. Coupled dissolution-reprecipitation reactions 
Following the initial FI-SSD processes responsible for the formation of chalcopyrite and 
digenite from bornite decomposition, the textures of the subsequent replacement of chalcopyrite 
by digenite, and digenite by chalcocite or covellite are consistent with the CDR mechanism 
(Figs. 2.3-2.7, 2.9a, 2.10a, 2.12a); i.e., porosity in the secondary phases, sharp reaction front, 
replacement along rims and fractures within grains, and the sensitivity of the products to fluid 
composition (Putnis, 2002). Generally, the replacement reactions proceeded from rim to core (e.g., 
Figs. 2.3b, 2.4g, 2.5f, 2.6c, 2.7e). We also observed replacement along networks of 
covellite±digenite cross-cutting bornite (e.g., Figs. 2.6a-c). The porosity formed as a result of the 
relative molar volume difference and solubility difference between the parent and the product 
phase(s) (Pollok et al., 2011), and served as a conduit for mass transport between the bulk fluid 
67 
 
and the reaction front (Altree-Williams et al., 2017; Jonas et al., 2014; Pina, 2019; Pöml et al., 
2007; Putnis, 2009; Putnis and Mezger, 2004; Xia et al., 2009b; Zhao et al., 2009; Zhang et al., 
2020). Generation of the interconnected pores in the product phase is required to sustain the 
reactions (Nakamura and Watson, 2001; Putnis and Mezger, 2004). The microscopic observations 
revealed that the covellite zone is porous, with pores forming within the grains and around the rim 
where covellite replaced digenite (e.g. Figs. 2.3a, b, e, i; 2.4c, e, f, i, j, k). The concentration of 
porosity in the outer part of the covellite (e.g., Fig. 2.9a), which is not in direct contact with the 
digenite that it replaced, might be due to porosity coarsening upon textural and compositional re-
equilibration. Once the bornite had been replaced entirely, the replacing Cu-sulphides might have 
ripened or equilibrated, and this likely led to the re-arrangement of the internal porosity. In some 
cases, covellite replaced digenite not only from the grain surface to the interior but within the entire 
grain (e.g., Figs. 2.3a, e). This suggests the presence of interconnected porosity in the digenite 
phase, which allowed fluid percolation into the grains. Such porosity was generated during the 
replacement of chalcopyrite by digenite. 
This work highlights the sensitivity of the composition and orientation of secondary phases 
with respect to the composition of hydrothermal fluids. For example, in Cu-rich solutions, Cu-rich 
phases such as chalcocite formed by Cu uptake from the solution (Figs. 2.5, 2.7); while in Cu-free 
solutions, phases containing less Cu formed. This was observed in the control and in the sulphite 
experiments where the Cu-rich phase digenite was replaced by covellite (Figs. 2.3, 2.4). Covellite, 
formed in Cu-rich solutions, was Cu rich (Cu/S: 1.1-1.25), compared with stoichiometric covellite 
formed in Cu-free solutions (Fig. 2.11). Previous research has demonstrated the dependence of the 
daughter phase composition on the slight variation of the chemical composition of the parent 
mineral via CDR (Fe-Ni-S system; Xia et al., 2008), suggesting the possibility of positive 
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feedbacks between the solution composition, chemistry of reaction products, and further evolution 
of the system’s mineralogy (Zhao et al. 2017). This work indicates that the crystallographic 
orientation relationship between parent and daughter phases is also controlled by fluid 
composition. For example, in the CuSO4 experiment, the daughter covellite is oriented with respect 
to parent digenite: {1 0 0}dg||{0 0 0 1}cv and{1 0 0}dg||{1 0 1̅ 0}cv and {1 0 0}dg||{1 0 1 ̅0}cv 
(Figs. 2.9h, i); while in the sulphite experiments an additional relationship {1 1 1}dg ||{0 0 0 1}cv 
and {1 1 0}dg ||{1 0 1 ̅0}cv is present (Figs. 2.10h, i). This might be due to differences in the 
nucleation and crystal growth mechanism where the covellite crystals in the CuSO4 experiment 
are templating on the initially formed covellite so they all have the same orientation, whereas 
covellite crystals in the sulphite experiment are each individually templating on digenite crystals.  
2.4.4. Reaction pathways 
The synergy between FI-SSD and CDR and the sensitivity of the reactions to solution 
compositions led to complex reaction pathways. Based on PXRD, SEM, ICP-OES analyses, and 




Fig. 2.16. Proposed reaction pathways for the hydrothermal mineral replacement of bornite in (a) 
the control solution at 180 and 200 °C and the Na2SO3 solution at 160-200 °C, (b) the  control 
solution at 160 °C, (c) the CuSO4 solution at 160-200 °C, (d) the CuCl2 solution at 160-200 °C, 
and (e) the CuCl solution at 160-200 °C.  
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2.4.4.1. Experiments in control solutions  
Based on the observed changes in mineralogy, texture, ICP-OES, and solid mass (Fig. 2.3 
and Table 2.2), a two-step reaction pathway is proposed (Fig. 2.16a): the first step involves the 
decomposition of bornite to form chalcopyrite lamellae and digenite; in the second step digenite 
replaces chalcopyrite and covellite simultaneously replaces digenite. For reactions at 160 °C, a 
second pathway without chalcopyrite is proposed (Fig. 2.16b). To simplify the writing of chemical 
reactions, we used stoichiometric compositions of the minerals rather than the compositions 
determined by EPMA analyses. For the intermediate steps, electron (e-) is used instead of real 
species for simplicity as we do not know the exact electron acceptor and donor species in these 
reactions. For the overall reaction, the most possible species is used to replace electrons. 
Pathway 1 
Step 1: Bornite decomposed into an intergrowth of chalcopyrite lamellae in digenite. Chalcopyrite 
lamellae formed from bornite in the entire mineral grains. Based on ICP-OES (Fig. 2.8a), this 
reaction proceed via Fe-removal (Reaction 2.1). 
Cu5FeS4 = 0.4615Cu9S5 + 0.8462CuFeS2 + 0.1538Fe
2+ + 0.3076e-        (2.1) 
Reaction 2.1 involves a volume change of -3.2% and a mass change of -1.7%. The mass change is 
less than what was observed (Figs. 2.3h, l; Table 2.2), which is likely due to the loss of dissolution 
of the three phases (especially the initial bornite) into the undersaturated solution, and since step 
2 starts before step 1 is completed, and step 2 also involves a mass loss.  
Step 2: Digenite replaces chalcopyrite lamellae until the core of the grains became digenite only 
(Reaction 2.2) (e.g, Figs. 2.3i, j).  
CuFeS2 + 0.8889e
- + 2.889H+ = 0.1111Cu9S5 + Fe
2+ + 1.4445H2S(aq)   (2.2) 
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The removal of Fe and some of the S from chalcopyrite involves a volume change of -66.7% and 
a mass change of -55.7%.  
In parallel to chalcopyrite replacement, digenite is replaced by covellite (Fig. 2.3). This can be 
achieved by either adding S into digenite or removing Cu from digenite. Adding S (H2S produced 
from chalcopyrite replacement in Reaction 2.2) would involve a volume increase of +43.2% and 
a mass increase of +17.5%, which contradicts the observed porosity in covellite and the continued 
mass loss (Fig. 2.3). On the other hand, removal of Cu involves a volume reduction of -20.4%, and 
a mass reduction of -34.7%, which agrees with porosity creation in covellite (Fig. 2.3). Hence, the 
replacement of digenite by covellite is written as, 
Cu9S5 = 5CuS + 4Cu
+ + 4e-            (2.3) 
Note that there are two generations of digenite, digenite(I) forming at the expense of bornite in 
step 1 and digenite(II) replacing chalcopyrite in step 2. Digenite(I) and (II) were replaced by 
covellite from the surface to the interior of the grains (e.g., Figs. 2.3f, i, j). However, the 
replacement of digenite by covellite was relatively slow and achieved 33 wt.% at 200 °C, 34 wt.% 
at 180 °C, and 35 wt.% at 160°C, after 768 h of reaction.  
Overall reaction: Assuming complete replacement of digenite by covellite (Reaction 2.3), and by 
adding Reactions 2.1, 2.2, and 2.3, we have Reaction 2.4, 
Cu5FeS4 + 2.4446H
+ = 2.7776CuS + Fe2+ + 2.2221Cu+ + 1.2223H2S(aq) + 1.7775e
-   (2.4) 
However, Reaction 2.4 involves a volume change of -42.5% and a mass change of -47.1%, much 
greater than the experimental observations (Figs. 2.3h, l; Table 2.2). The produced H2S(aq) from 
chalcopyrite replacement (Reaction 2.2) and Cu+ from digenite replacement (Reaction 2.3) may 




+ = 2H+ + CuS + e-        (2.5) 
So, adding Reactions 2.1, 2.2, 2.3, and 2.5, we have, 
Cu5FeS4 = 4CuS + Fe
2+ + Cu+ + 3e-          (2.6) 
Because ICP-OES detected little Cu+ release but almost all Fe2+ release, Cu+ must react with 
covellite to form digenite (backward reaction of Reaction 2.3). This is because Reaction 2.3 
releases Cu+, and once Cu+ activity reaches a certain level, the reaction reaches equilibrium and a 
mineral assemblage of covellite and digenite should form. In other words, not all digenite is 
replaced by covellite. Also, we can use a real species H2(g) to replace e
-. Hence the overall reaction 
is, 
Cu5FeS4 + 2H
+ = 0.25Cu9S5 + Fe
2+ + H2(g) + 2.75CuS        (2.7) 
Reaction 2.7 involves a volume change of -10.5% and a mass change of -11.1%, which agrees 
with the porous texture of the product phases. 
Pathway 2 
At 160 °C, only a very small quantity (4% from QPA) of chalcopyrite was detected by XRD (e.g. 
Fig. 2.3d; Table 2.2). Consequently, it is likely that chalcopyrite may not be involved in the 
mineralogical transformation of bornite under lower temperature conditions (Fig. 2.16b). Pathway 
2 demonstrates that bornite is replaced by digenite from the surface to the core of the grains in the 
first step (Reaction 2.8) (Figs. 2.3b, c), followed by the replacement of digenite by covellite in step 
2 (Reaction 2.4).  
Cu5FeS4 + 0.444e
- + 2.444H+ = 0.5556Cu9S5 + Fe
2+ + 1.222H2S(aq)    (2.8) 
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Reaction 2.8 involves a volume change of -27.7% and a mass change of -18.9%. Because the 
experiments are conducted under reducing conditions, Reaction 2.8 should occur simultaneously 
with Reaction 2.3 which provides electrons to Reaction 2.8. By adding Reactions 2.3 and 2.8, the 
overall reaction is Reaction 2.4.  In addition, based on mass and volume changes, Reaction 2.5 
should also operate. Therefore, Reaction 2.7 is most plausible for the hydrothermal replacement 
of bornite under conditions of the control experiment. 
2.4.4.2. Experiments in Na2SO3 solutions 
The reaction pathway is almost identical to the Pathway 1 in the control experiments (Fig. 
2.16a). The difference is the slower replacement of chalcopyrite by digenite (Reaction 2.2) 
compared with the control experiments, resulting in more chalcopyrite remaining in the mineral 
assemblage even after long reaction time (Fig. 2.4). This is probably because the 
disproportionation reaction of sulphite produced H2S(aq) (Reaction 2.9), which increased the 
activity of H2S(aq) and prevented Reaction 2.2 from going forward. 
SO3
2- + 0.5H+ = 0.25H2S(aq) + 0.75SO4
2-          (2.9) 
2.4.4.3. Experiments in CuSO4 solutions 
Because the reactions in cupric sulphate solution shared some common features with the 
control experiments, the reaction pathway is proposed based on Pathway 1 of the control 
experiments and by adding a few more steps (Figs. 2.16a, c).  
Step 1: Is the same as step 1 of the control experiment with some slight differences. In bornite, Cu 
exists in monovalent (Cu+) state while Fe is trivalent (Fe3+) (Goh et al., 2006; Manning, 1967; 
Takeno et al., 1968). Although the produced assemblage (chalcopyrite lamellae+digenite(I)) is the 
same as the control experiment, the difference is that some of the released Fe3+ from bornite were 
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not immediately reduced to Fe2+, as evident from the presence of transient hematite (Figs. 2.5d, h, 
l) formed by reactions between Fe3+ and water; hematite was quickly reduced back to Fe2+ and 
dissolved (Reactions 2.10, 2.11).  
Fe3+ + 1.5H2O = 0.5Fe2O3 + 3H
+           (2.10) 
Fe2O3 + 2e
- + 6H+ = 3H2O + 2Fe
2+         (2.11) 
Therefore, the first step transformation of bornite under this experimental condition can be 
represented by Reaction 2.1. 
Step 2 is the same as step 2 in Pathway 1 of the control experiments, the replacement of 
chalcopyrite by digenite(II) via the removal of Fe and S (see Reaction 2.2). 
Steps 3 and 4 are the reversible reactions. First, digenite(I) and (II) are replaced by covellite via 
the removal of Cu, which is similar to the step 3 of the control experiments except that the released 
Cu is Cu2+ in the solution (Figs. 2.16a, c; Reaction 2.12). Subsequently, the back-replacement 
reaction of covellite by digenite(III) occurred, which can be achieved by removing S or adding Cu 
to covellite. Removal of S would involve a volume reduction of -30.2% and a mass reduction of -
14.9%, while adding Cu could cause a volume increased by +25.7%, and a mass increase by 
+53.2%. From the experiments, the Cu addition is more likely, because (1) porosity is rare in 
reacted grains of digenite (Fig. 2.5), (2) the mass change was positive; i.e., mass increased by +5% 
when 12% of covellite was replaced by digenite from 24 to 48 hours at 160 °C (Fig. 2.5d), and (3) 
the solution was initially Cu-rich favoring Cu addition (Reaction 2.13). 
Cu9S5 = 5CuS + 4Cu
2+ + 8e-         (2.12) 
CuS + 0.8Cu2+ + 1.6e- = 0.2Cu9S5         (2.13) 
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In some cases, the solution was supersaturated with respect to nantokite (CuCl) and atacamite 
(Cu2Cl(OH)3) forming on the grains surface. This is because the buffer solution contained 0.184 
M Cl- (Reactions 2.14, 2.15). Both minerals were short-lived and dissolved releasing Cu into the 
solution promoting replacement of digenite by chalcocite. 
Cu+ + Cl- = CuCl          (2.14)  
Cu2+ + 0.5Cl- + 1.5H2O = 0.5Cu2Cl(OH)3 + 1.5H
+      (2.15) 
Step 5: Digenite is replaced by chalcocite, which can be achieved by S removal from digenite 
(Reaction 2.16) or Cu addition to digenite (Reaction 2.17).  
Cu9S5 + e
- + H+ = 4.5Cu2S + 0.5H2S(aq)        (2.16) 
Cu9S5 + 2e
- + Cu2+ = 5Cu2S           (2.17) 
The S removal involves a volume reduction of -3.6% and a mass reduction of -2.2%, while the Cu 
addition results in a volume increase of +7.1% and a mass increase of +8.7%. At all three 
temperatures, mass of the solid residue (without nantokite and atacamite) increased after 
replacement reaction (Figs. 2.5d, h, l), but less than +8.7%. Also, careful examination of Cu and S 
elemental distribution map from one of the reacted samples suggest both Cu-addition and S-
removal for this reaction (Figs. 2.12b, d). Hence, both reactions may have occurred. 
Overall reaction: Depending on step 5, the addition of Reactions 2.1, 2.2, 2.12, 2.13, and 2.16 
gives the overall reaction for S removal: 
Cu5FeS4 + 3H
+ + e- = 2.5Cu2S + Fe
2+ + 1.5H2S(aq)      (2.18) 
Adding Reactions 2.1, 2.2, 2.12, 2.13, and 2.17 gives the overall reaction for Cu addition: 
Cu5FeS4 + 2.445H
+ + 0.556Cu2+ + 1.556e- = 2.778Cu2S + Fe
2+ + 1.2225H2S(aq)  (2.19) 
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Reaction 2.18 involves a volume reduction of -30.3% and a mass reduction of -20.7%, while 
Reaction 2.19 involves a volume reduction of -22.6% and a mass reduction of -11.9%. However, 
the observed loss of mass -3.3% after 96 h at 200 °C, -2% after 96 h at 180 °C, and -8% after 192 
h at 160 °C (Table 2.2), and the rare porosity (e.g., Fig. 2.5i), suggests that the produced H2S(aq) in 
step 2 may react with Cu2+ in the solution, forming chalcocite in pores or on the grain surface 
(Reactions 2.20). 
H2S(aq) + 2Cu
2+ + 2e-  = Cu2S + 2H
+        (2.20) 
Then, the overall reaction for S removal is adding Reactions 2.18 and 2.20, 
Cu5FeS4 + 2.445Cu
2+ + 0.555H+ + 3.445e- = 3.7225Cu2S + Fe
2+ + 0.2775H2S(aq)  (2.21) 
Swapping the electron (e-) with H2O, it becomes, 
Cu5FeS4 + 2.445Cu
2+ + 1.7226H2O  
= 3.7225Cu2S + Fe
2+ + 2.89H+ + 0.2775H2S(aq) + 0.8613O2(aq)
    (2.22) 
The overall reaction for Cu addition is adding Reactions 2.19 and 2.20, 
Cu5FeS4 + 3Cu
2+ + 4e- = 4Cu2S + Fe
2+       (2.23) 
Swapping the electron (e-) with H2O, it becomes, 
Cu5FeS4 + 3Cu
2+ + 2H2O = 4Cu2S + Fe
2+ + 4H+ + O2(aq)     (2.24) 
Reaction 2.22 involves a volume increase of +3.7% and a mass increase of +18.1%, while Reaction 
2.24 involves a volume increase of +11.5% and a mass increase of +26.9%. Based on the rarely 
observed porosity of the final chalcocite (Fig. 2.5i) and small mass loss (also considering 
dissolution loss) (Figs. 2.5d, h, l), Reaction 2.22 is the most plausible overall reaction. This is also 
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in agreement with EPMA map (Fig. 2.12b) showing S in the product rim is less than in the core of 
the grain. 
2.4.4.4. Experiments in CuCl2 solutions 
The reaction pathway (Fig. 2.16d) is similar to Pathway 1 of the control experiments except 
for the replacement of covellite by digenite(III) and the precipitation of nantokite and atacamite. 
Step 1: Chalcopyrite lamellae and digenite(I) form due to bornite decomposition similar to 
Reaction 2.1. Parallel to bornite decomposition, the Cu ions was released to the solution following 
partial bornite dissolution triggered the precipitation of nantokite and atacamite (Reactions 2.14, 
2.15). Because the solutions contained higher concentration of Cl- than the experiments with cupric 
sulphate, nantokite and atacamite remained stable with the reaction progress. This resulted in 
significant weight gain of the solid products relative to the mass of the starting bornite (Figs. 2.6d, 
h, l). 
Step 2: Replacement of chalcopyrite by digenite(II) due to Fe and S removal (Reaction 2.2), and a 
parallel transformation of digenite (digenite(I) and digenite(II)) to covellite via Cu-loss (Reaction 
2.12). The Cu-loss pathway is favorable because the total mass of these two phases decreased, 
after replacement of digenite at 4 h by covellite at 9 h at both 160 °C and 200 °C (Figs. 2.6d, l). 
The released Cu ions also contributes to precipitation of nantokite and atacamite on the grain 
surface and in the fractures and pores (Reactions 2.14, 2.15). 
Step 3: The transformation of covellite to digenite(III) as a result of Cu addition (Reaction 2.13). 
The relative mass increase of the sulphides during the transformation of covellite to digenite from 
9 h to 12 h supports the Cu-addition pathway (Fig. 2.6h).  
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Overall reaction: The overall Reaction 2.25 is based on the assumption that covellite was 
completely replaced by digenite and it only considers sulphides. 
Cu5FeS4 + 2.44467H
+ + 0.4445e- = 0.55552Cu9S5 + Fe
2+ + 1.2225H2S(aq)   (2.25) 
By swapping the electron (e-) with a possible real specie H2O, then the overall reaction is; 
Cu5FeS4 + 2H
+ + 0.2223H2O 
 = 0.55552Cu9S5 + Fe
2+ + 1.2225H2S(aq) + 0.11115O2(aq) (2.26) 
Reaction 2.26 will involve a volume reduction of -27.7% and a mass reduction of -18.9%. 
However, the quantitative phase analyses revealed higher mass loss of sulphides (Figs. 2.6d, h, l). 
This is because the Cu ions released due to the dissolution of sulphide(s) reacted with the chloride-
rich solution to precipitate nantokite and atacamite. 
2.4.4.5. Experiments in CuCl solutions 
The proposed reaction pathway is shown in Fig. 2.16e. 
Step 1: The parallel reactions are the transformation of bornite to chalcopyrite and digenite(I) due 
to Fe removal (Reaction 2.1), and the formation of nantokite and atacamite (Reactions 2.14, 2.15) 
following partial bornite dissolution. 
Step 2: Transformation of chalcopyrite to digenite(II) due to Fe and S-removal (Reaction 2.2). 
Step 3: Digenite(I) and (II) are replaced by chalcocite. This reaction can proceed via either S loss 
(Reaction 2.16) or Cu addition (Reaction 2.27). 
Cu9S5 + e
- + Cu+ = 5Cu2S         (2.27) 
The S loss involves a volume decrease of -3.6% and a mass decrease of -2.2%. The Cu-addition 
results in a volume increase of +7.1% and a mass increase of +8.7%. We propose that the Cu-
addition reaction (Reaction 2.27) is more likely, because the solution contained Cu+, and the total 
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mass of digenite and chalcocite increased from 36% after 4 h to 44% after 9 h at 180 °C (Fig. 2.7h; 
Table 2.2), and from 50% after 96 h to 80% after 192 h at 160 °C (Fig. 2.7d; Table 2.2).   
Step 4: Chalcocite is completely replaced by digenite(III) at 180 and 200 °C; due to the slow rate, 
the reaction at 160 °C was not completed after 192 h. This reaction could proceed via S addition 
(Reaction 2.28) or Cu loss (Reaction 2.29).  
Cu2S + 0.1111H2S(aq) = 0.2222Cu9S5 + 0.2222e
- + 0.2222H+    (2.28) 
Cu2S = 0.2Cu9S5 + 0.2e
- + 0.2Cu+                (2.29) 
The S addition reaction involves a volume increase of +3.8% and a mass increase of +2.2%; while 
the Cu loss reaction involves a volume decrease of -6.6% and a mass drop of -8.0%. Considering 
the drop of the total mass of digenite and chalcocite from 44% after 9 h to 40% after 12 h at 180 
°C (Fig. 2.6h), the Cu loss reaction is more likely (Reaction 2.29). 
Step 5: Partial transformation of digenite(III) to covellite. The Cu loss reaction (Reaction 2.3) is 
likely because of the porous texture of the covellite phase (Fig. 2.7e). 
Overall reaction: Only considering sulphide phases, and assuming no Cu+ from the solid (back 
reaction of Reaction 2.3), the overall reaction is obtained by adding Reactions 2.1, 2.2, 2.3, 2.5, 
2.27 and 2.29. The overall reactions result in Reaction 2.7, which is the same as the overall reaction 
of the control experiments. The low total mass of the sulphide phases when compared with the 
control experiment is due to the significant dissolution loss in the chloride solution and the 
formation of nantokite and atacamite. 
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2.5. Conclusions and implications 
Mineral replacement reactions are dynamic and complex. The texture of the resultant 
mineral assemblage depends on many factors that affect dissolution, nucleation, and mineral 
growth rate directly or indirectly, including but not limited to hydrostatic pressure (Xia et al., 
2012), non-hydrostatic pressure (Spruzeniece et al., 2017a), texture and composition of the starting 
mineral (Qian et al. 2011; Xia et al., 2007), mass transfer (Centrella et al., 2016), and the presence 
of ligands (Xing et al., 2019), flow rate and pore fluid pressure (Duan et al., 2021). This study 
further demonstrates this complexity when the rate of solid-state diffusion is comparable to the 
rate of CDR, in which case, the texture may reflect the synergy between these processes, and the 
reaction pathways may become very complex. For sulphides and sulphosalts, this synergy may 
occur at low temperature (e.g., <350 °C), due to fast cation diffusion (Chen and Harvey, 1975). 
For example, fast ion diffusion has been reported for pyrargyrite, high-skinnerite, and polybasite 
solid solutions (Harlov and Sack 1995a), Ag2S-Cu2S sulphide solutions (Harlov and Sack 1995b), 
and polybasite-pearceite solid solutions (Harlov and Sack 1994). For chalcopyrite at 200 °C, the 
diffusion coefficient (D) of Cu and Fe is 7.08 × 10-17 m2 s-1 and 5.93 × 10-19 m2 s-1, respectively 
(Chen and Harvey, 1975). For the other minerals systems, however, such synergy may only happen 
at much higher temperatures due to slow cation diffusions at low temperatures. Diffusion 
coefficients similar to those of Fe in chalcopyrite at 200 °C are achieved at a temperature of 665 °C 
for Na diffusion in plagioclases (D=5.61 × 10-19 m2 s-1) (Behrens et al., 1990); 960 °C for Ca 
diffusion in plagioclases (D=5.62 × 10-19 m2 s-1) (Behrens et al., 1990); 820 °C for Ca diffusion in 
calcite (D=5.62 × 10-19 m2 s-1) (Fisler and Cygan, 1999), 720 °C for Mg diffusion in calcite 
(D=6.34 × 10-19 m2 s-1) (Fisler and Cygan, 1999), 770 °C for Ca diffusion in apatite parallel to c 
direction (D=4.87 × 10-19 m2 s-1) and 540 °C normal to c direction (D=5.86 × 10-19 m2 s-1) 
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(Cherniak, 2010), 580 °C for Fe-Mg interdiffusion (D=5.84 × 10-19 m2 s-1) and 625 °C for Fe-Mn 
interdiffusion in ilmenite (D=5.57 × 10-19 m2 s-1) (Prissel et al., 2020).  
Our results indicate that using solid-state diffusion profiles and textures controlled by solid-
state diffusion (e.g., exsolution) for speedometry (Dohmen et al. 2017) in fluid-rich systems needs 
to be done with caution, since the chemistry of the fluids induces solid-state diffusion and controls 
diffusion rates in ways that remain difficult to predict from first principles. This is particularly 
important in the case of fluid-present metamorphic reactions. For example, it is widely recognized 
that myrmekites are of metasomatic origin (Castle and Lindsey 1993) and that myrmekitization 
likely proceeds via FI-SSD mechanism. Element mobility is improved in fluid-driven reactions. 
Hydration reactions occurring under amphibolite- to eclogite-facies conditions during large scale, 
fluid-rock interaction, and mass transfer (Centrella et al. 2016). Under these conditions both CDR 
and solid-state diffusion-controlled processes are expected to compete. 
This study also highlights that similar mineral texture can be produced via very different 
pathways, depending on factors such as the availability of bulk fluid surrounding the mineral grains 
or trapped fluids in the micro-porosity within the mineral grains. The chalcopyrite lamellae in this 
study were formed by fluid-induced solid-state diffusion induced by a hydrothermal fluid 
surrounding the large mineral grains. Similar chalcopyrite lamellae were produced from a bornite-
digenite solid solution (bdss) which contains micro-porosity filled with fluids. The formation of 
the lamellae was catalyzed by the fluids in the porosity (Li et al., 2018). The same bdss can form 
bornite lamellae by changing the fluid composition (Zhao et al., 2017). Such a process is 1000 
times faster than equivalent texture produced under dry conditions (Grguric and Putnis, 1999). In 
non-sulphide mineral systems, mineral textures produced by dissolution-precipitation reactions 
can also be very similar to exsolution textures under dry conditions. For example, monazite and 
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xenotime micro-inclusions have been experimentally produced within apatite by fluid-mediated 
replacement reactions (Harlov and Förster, 2003; Harlov et al., 2002), but they may be 
misinterpreted as exsolution from the host mineral. Another example is impure calcite, where fluid 
can enter the grain via cleavage planes. CDR along these cleavage planes can result in the 
formation of calcite with a composition closer to that of endmember, and textures that resemble 
lamellae resulting from exsolution under dry conditions (Chakhmouradian et al., 2016). Hence, 
correct interpretation of mineral textures requires the development of textural criteria indicative of 
















Table EA1. Summary of ICP-OES results. 
Condition T (°C) Time (h) Fe (ppm) Error (%, ±)  Fe (%) Cu (ppm) Error (%, ±) Cu (%) 
Control  200 0 0 0  0 0 0 0 
24 615.49 1.2  65.05 11.99 3.8 0.33 
48 732.29 2  75.82 6.99 1.1 0.20 
96 945.40 1.6  95.78 4.37 3.5 0.12 
192 944.60 3.3  95.56 37.83 2.6 1.01 
384 943.55 1.5  95.49 26.42 3.3 0.72 
768 943.43 3.1  95.34 147.43 3.7 3.89 
180 0 0 0  0 0 0 0 
24 559.00 2.5  58.50 30.58 2.3 0.86 
48 677.86 4.2  70.86 29.64 4.2 0.83 
96 734.68 3.5  75.26 44.09 2.5 1.16 
192 822.92 2.3  85.79 51.86 1.5 1.38 
384 943.60 2  95.49 43.46 3.7 1.22 
768 943.44 4.4  95.35 75.12 1.8 1.94 
160 0 0 0  0 0 0 0 
24 483.73 2  50.81 25.78 1.5 0.73 
96 670.05 0.8  69.34 4.66 4.7 0.13 
384 875.08 2.7  89.98 46.67 2 1.23 
768 943.82 0.9  95.39 117.03 3.2 3.19 
Na2SO3 200 0 0 0  0 0 0 0 
8 330.25 0.5  37.61 14.64 3.3 0.36 
24 546.72 0.7  60.67 52.34 0.4 1.30 
96 515.78 0.6  57.01 16.16 1.7 0.40 
192 846.50 2.5  95.00 10.68 3.8 0.26 
180 0 0 0  0 0 0 0 
8 363.44 1.7  41.76 26.53 4.1 0.66 
24 438.39 1.6  49.24 18.67 4.3 0.47 
96  442.26 1.7  50.05 16.38 4.1 0.40 
360 555.85 0.8  63.11 44.06 2.8 1.10 
160 0 0 0  0 0 0 0 
8 275.06 4.2  32.39 9.33 4.1 0.24 
24 368.53 1.7  40.71 11.65 3.4 0.33 
96 361.60 1.9  41.44 6.63 2.2 0.18 
360 488.31 4.7  55.14 21.85 1.5 0.58 
CuSO4 200 0 0 0  0 4214.50 0 - 
4 411.53 3.7  52.95 3085.24 3.5 - 
12 703.54 2.1  90.17 2612.78 3 - 
24 736.29 0.5  94.73 2013.52 0.4 - 
48 785.93 3  99.61 2149.58 3.4 - 
96 784.83 1.4  99.47 2066.75 1.9 - 
180 0 0 0  0 4214.50 0 - 
4 399.69 3.6  50.66 3924.19 4.7 - 
9 446.35 3.6  57.14 3367.60 2.5 - 
12 618.96 2.5  79.64 3096.87 2.5 - 
24 650.00 1.3  83.44 2756.36 1.7 - 
48 675.00 4.3  86.68 2823.06 3.3 - 
96 736.29 4.6  92.53 2441.76 4.7 - 
160 0 0 0  0 4214.50 0 - 
4 372.32 1.2  48.33 4612.36 1.6 - 
9 433.52 2.8  55.78 4265.66 2.9 - 
24 435.43 2.3  56.86 4649.48 2.4 - 
48 684.28 1.9  86.72 3697.27 2.7 - 
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96 749.07 1.2  95.57 3329.53 1 - 
192 750.64 1.5  95.77 3304.11 1.8 - 
CuCl2 200 0 0 0  0 4235.12 0 - 
 4 540.45 2  59.53 2735.84 1 - 
 9 718.80 1.8  80.22 2001.71 2.4 - 
 24 783.47 2.7  87.80 1043.61 2 - 
 96 819.68 3.9  90.59 1714.96 3.6 - 
180 0 0 0  0 4235.12 0 - 
 4 194.03 2.4  22.96 4078.77 2.2 - 
 9 416.01 4.1  46.93 3804.40 4.4 - 
 12 485.24 3.3  53.50 3289.68 3.9 - 
 24 661.40 3.8  72.55 2084.92 4.1 - 
 96 783.47 2.6  86.12 1864.27 1.5 - 
160 0 0 0  0 4235.12 0 - 
 4 128.32 4  14.51 4939.82 2.7 - 
 9 163.23 3.1  20.31 4859.14 2.3 - 
 24 195.63 1.9  22.54 4040.65 0.7 - 
 96 378.80 2.7  43.28 3514.39 2.3 - 
 192 452.58 1.9  50.49 3747.02 2.6 - 
CuCl 200 0 0 0  0 4258.95 0 - 
 4 289.61 1.4  37.26 2173.89 1.3 - 
 9 443.05 2.5  55.15 1818.68 2.9 - 
 12 484.11 2.4  62.29 1524.92 1.9 - 
 24 636.40 3.6  78.21 1221.95 4.1 - 
 96 739.72 4.3  92.33 1126.00 4.5 - 
180 0 0 0  0 4258.95 0 - 
 4 260.39 1.7  33.00 2382.74 2.1 - 
 9 334.18 1.1  43.00 2265.72 1.3 - 
 12 381.40 1.9  47.61 2119.58 2.8 - 
 24 571.57 1.1  73.54 2048.74 2.9 - 
 96 605.01 1.7  75.52 1620.29 3.3 - 
160 0 0 0  0 4258.95 0 - 
 4 158.73 1.7  20.42 1978.53 0.4 - 
 9 236.41 2  30.42 2430.55 0.9 - 
 24 264.37 1.2  33.51 2487.92 0.6 - 
 96 569.46 2.2  72.17 2790.92 1.7 - 













Fig. EA1. PXRD patterns and the corresponding quantitative phase analyses showing the change 
in phase abundance (in absolute wt.%) during the replacement of bornite at (a) 160 °C, (b) 180 °C, 








Fig. EA2. PXRD patterns and the corresponding quantitative phase analyses showing the change 
in phase abundance (in absolute wt.%) during the replacement of bornite at (a) 160 °C, (b) 180 °C, 








Fig. EA3. PXRD patterns and the corresponding quantitative phase analyses showing the change 
in phase abundance (in absolute wt.%) during the replacement of bornite at (a) 160 °C, (b) 180 °C, 









Fig. EA4. PXRD patterns and the corresponding quantitative phase analyses showing the change 
in phase abundance (in absolute wt.%) during the replacement of bornite at (a) 160 °C, (b) 180 °C, 









Fig. EA5. PXRD patterns and the corresponding quantitative phase analyses showing the change 
in phase abundance (in absolute wt.%) during the replacement of bornite at (a) 160 °C, (b) 180 °C, 














Chapter 3: The Hydrothermal Replacement of Bornite by Copper Sulphides 
under Oxic Conditions 
Abstract 
As established during the hydrothermal replacement of bornite under anoxic conditions in 
Chapter 2, solid-state diffusion reactions can compete with fluid-mediated dissolution-
reprecipitation reactions. In this chapter, we have obtained an insight into the complex textures 
resulting from the interplay of these two reaction mechanisms by studying experimentally the 
replacement of bornite by Cu-sulphides under oxic hydrothermal conditions. Here we present a 
combined kinetics and textural and mineralogical study of the replacement reactions, and describe 
the mechanisms and kinetic behaviour of the reactions by exploring the effects of temperature 
(160-200 °C), pH (1-6), and reaction time (up to 1008 h), as well as, identifying the rate-limiting 
steps controlling the replacement reactions. 
The observed kinetic behaviour and the resulting textures indicates a synergy between 
fluid-induced solid-state diffusion (FI-SSD) and coupled dissolution-reprecipitation (CDR) 
mechanism. The reaction initially produced chalcopyrite lamellae enveloped by digenite. The rate 
of exsolution and the distribution of chalcopyrite lamellae depend on the pH of the hydrothermal 
fluids, indicating a FI-SSD mechanism. Parallel to FI-SSD, CDR reactions proceed from the 
surface to the interior of the grains or along fractures, replacing chalcopyrite by digenite, and 
digenite by covellite and/or chalcocite depending on the experimental conditions. Apart from the 
sulphides, we also observed hematite and nantokite phases, and the precipitation of libethenite in 
the phosphate buffer (pH 2). The replacement was pseudomorphic as the product phases preserved 
the external shape of the bornite grains. The micrometre-scale pores in covellite and chalcocite 
plays an important role in sustaining the reactions. 
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Reaction kinetics shows a complex behaviour depending on various physico-chemical 
parameters including temperature, pH and contact time. The rate of replacement (i) increases with 
increasing temperature from 160 to 200 °C at pH 1-3, but decreases with increasing temperature 
at pH 4-6, (ii) decreases with increasing pH from 1-2, then increases from pH 2-3 and then 
decreases with pH from 4-6 at 160 °C, and (iii) decreases with increasing pH from 1 to 6 at 180 
and 200 °C. The observed increase in rate with temperature increase at lower pH 1-3 corroborates 
with increase in sulphide oxidation rate with temperature. However, the kinetic inversion observed 
at pH 4-6 is attributed to the change in the rate-limiting step of the reaction. The influence of pH 
on the product Cu-sulphides mineralogy is linked to a change in the reaction mechanism. 
The interplay between FI-SSD and CDR reactions may be the major mechanism 
responsible for the formation of some of the Cu-(Fe)-sulphides assemblages observed in nature. 
The documented mineralogical and textural differences can be utilized as paleoproxies of the pH 
of the fluids responsible for the alteration of deep-sea copper minerals and remobilization of metals 
in ore deposits. 
Keywords: solid-state diffusion; coupled dissolution-reprecipitation; pseudomorphic mineral 








After chalcopyrite, bornite is the second most abundant Cu-bearing sulphide in a wide 
range of ore deposits including moderate temperature sedimentary exhalative deposits (SEDEX), 
volcanogenic massive sulphide (VMS), disseminated sulphides, iron oxide-copper-gold (IOCG) 
deposits and in high temperature porphyry copper deposits and skarns (Robb, 2005; Zhao et al., 
2014b). Commonly, bornite is found in zones of secondary enrichment of chalcopyrite (Buckley 
et al., 1984), and with other Cu-sulphides such as chalcocite, digenite and covellite (e.g., Ciobanu 
et al., 2017; Cook et al., 2011; Hatert, 2005).  
 The textural intergrowths of sulphide minerals have been attributed to solid-state diffusion 
(Brett, 1964; Ramdohr, 1969), and this mechanism is described as the free interchange of certain 
cations within the structure while the underlying anionic framework structure remains unaltered 
(Harland, 1994). For example, the exsolution of chalcopyrite from bornite solid solution can occur 
due to Cu and Fe diffusion  (Durazzo and Taylor, 1982). However, in some instances, replacement 
textures are sometimes not suggestive of solid-state diffusion due to the dependence of the 
replacement reaction on fluid composition, lack of diffusion profiles across replacement interfaces, 
significant replacement rates at moderate to low temperatures (<300 °C), and the presence of 
porosity in the product phase (Putnis, 2002; Xia et al., 2009b). These characteristics are universal 
features of fluid-driven dissolution and reprecipitation reactions which has been demonstrated for 
many mineral systems (Altree-Williams et al., 2015; Altree-Williams et al., 2017; Cai et al., 2012; 
Pedrosa et al., 2016b; Pedrosa et al., 2017; Pina, 2019; Putnis, 2002; Putnis and Putnis, 2007; Qian 
et al., 2011; Ruiz-Agudo et al., 2014; Xia et al., 2009b; Zhao et al., 2014a). 
The kinetics of mineral dissolution has received enormous attention over the past decades. 
This involves studies aiming for constructing models that reconciles the rates measured under 
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various experimental physico-chemical conditions to conditions typical of natural processes. 
Oxidation and dissolution of bornite has been studied extensively by metallurgists and 
electrochemists for enhancing copper recovery, and these reactions are called leaching (Dutrizac 
et al., 1985; Dutrizac et al., 1970; Hidalgo et al., 2019; Hidalgo et al., 2020; Pesic and Olson, 1983; 
Pesic and Olson, 1984). However, there is a paucity of experimental studies on bornite dissolution 
and oxidation under hydrothermal conditions relevant for ore formation, because in previous 
studies, the chemistry and temperature range probed are not relevant to higher temperature 
hydrothermal ore deposition and alteration conditions.  
 Leaching of both natural (Dutrizac et al., 1985; Hidalgo et al., 2019; Pesic and Olson, 1983; 
Sullivan, 1931; Uchida et al., 1967) and synthetic (Dutrizac et al., 1985; Dutrizac et al., 1970; 
Ugarte and Burkin, 1975) bornite have been studied at up to 100 °C in acidic Fe3+ solutions. 
Although there is no consensus concerning the leaching reactions involved,  the ferric ion oxidation 
of bornite appears to proceed in stages (Dutrizac et al., 1985). The first stage involves the rapid 
outward diffusion of copper from bornite to produce non-stochiometric bornite (Cu5-xFeS4) 
(Reaction 3.1). 
Cu5FeS4 + 2xFe
3+ = Cu5-xFeS4 + xCu
2+ + 2xFe2+      (3.1) 
The second stage involves the transformation of the non-stochiometric bornite to a copper-iron 
sulphide with an ideal formula Cu3FeS4 but with an extremely large composition range (Reaction 
3.2). This second stage have been observed from other studies to be accompanied by the formation 
of other phases such chalcopyrite, elemental sulphur, covellite and digenite from leach residues 
(e.g. Pesic and Olson, 1983; Dutrizac et al., 1970). The reaction at low temperature (10 °C) 
terminates at the second stage. 
Cu5-xFeS4 + (4– 2x – 2y)Fe
3+ = Cu3+yFeS4 + (2– x – y)Cu
2+ + (4– 2x – 2y)Fe2+  (3.2) 
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The third stage only occurs to a significant extent at higher temperatures (e.g. 95 °C) and it involves 
further dissolution of the Cu3FeS4 phase to yield sulphur and soluble copper and iron as the final 
products (Reaction 3.3). 
Cu3FeS4 + 8Fe
3+ = 3Cu2+ + 9Fe2+ + 4S0       (3.3) 
 Another study was carried out on bornite leaching using sulphuric acid with oxygen as 
oxidant (Pesic and Olson, 1984). The reaction proceeds via the preferential dissolution of iron 
atoms from bornite to produce an iron-deficient bornite specie on the surface with iron vacancies. 
The oxidation half-reaction for this reaction can be written according to Reaction 3.4 using the 
structural formula of bornite proposed by Manning (1967).  
(Cu3FeS4)
2- • 2Cu+ = x(Cu3Fe□S4)
2- • 2Cu+ + (1-x) (Cu3FeS4)
2- • 2Cu+ + Fe3+ + 3xe-  (3.4) 
Reaction 3.5 which is the cathodic half-reaction of Reaction 3.4 consumed the electrons 
produced by Reaction 3.4. 
0.5O2 + 2H
+ + 2e- = H2O         (3.5) 
Subsequently, the diffusion of copper likely from the unreacted bornite into the iron deficient 
specie (Cu3Fe□S4 • 2Cu
+) produces four covellite molecules on the surface according to the anodic 
reaction below,  
x[(Cu3Fe□S4)
2- • 2Cu+] + x[(Cu3FeS4)
2- • 2Cu+] = 4xCuS + xCu3FeS4 + 3xCu
+ + 3xe- (3.6) 
For the stochiometric bornite in the particle interior, the diffusion of labile Cu+ ions into solution 
yield Cu3FeS4 phase in the core of the mineral matrix according to the anodic reaction below, 
(Cu3FeS4)
2- • 2Cu+ = Cu3FeS4 + 2Cu
+ + 2e-       (3.7) 
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Based on Reactions 3.4 to 3.7 and by considering that the Cu+ in solution would be oxidized by 
Fe3+ present, the overall reaction according to Pesic and Olson (1984) is Reaction 3.8.  
2[(Cu3FeS4)
2- • 2Cu+] + 2O2 + 8H
+ = Cu3FeS4 + 4CuS + 2Cu
2+ + Fe2+ + 4H2O  (3.8) 
The replacement reactions of composite bornite-chalcocite sample have been studied in 
acidic solutions (MSA and HCl) at 90 °C and in the absence of oxidant for in situ leaching 
application (Hidalgo et al., 2020). Their study revealed three-stage reaction sequence for bornite. 
The first stage involves the formation of secondary digenite from bornite along fractures and the 
surfaces. At the second stage, digenite formation stops and the reaction started forming secondary 
covellite. Also, bornite exsolves into two distinct phases when copper dissolution exceeds 30% 
only in HCl solution with extended times. The exsolved bornite phases are Cu-enriched and Cu-
deficient, respectively. The third stage involves the increase in covellite formation characterized 
by the replacement of all the earlier formed phases present by covellite. Only the HCl runs reached 
this stage. The solids reacted for one month in MSA solution only formed chalcocite rims without 
the exsolution from bornite.  
In nature, the interaction between the pre-existing sulphide minerals on the seafloor and 
oxygenated seawater in active or inactive hydrothermal vents can result in oxidative weathering 
(Edwards, 2004), which is referred to as “sea-floor weathering” (Koski, 2012). The process of 
sulphide oxidation takes place by the continuous circulation of the mixed oxygenated seawater and 
higher temperature fluids throughout the primary sulphides via fractures and faults. It leads to the 
slow dissolution or intermediate enrichment resulting in the replacement of primary sulphides by 
secondary sulphides and gossan (e.g. Hannington and Scott, 1988; Herzig et al., 1991). Seafloor 
polymetallic sulphides has been reported from the studies of hydrothermal sulphide mounds and 
chimneys along the oceanic spreading zones off the coast of Vancouver Island on the Juan de Fuca 
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Ridge (Hannington and Scott, 1988), at slow spreading southern Mid-Atlantic Ridge (Haase et al., 
2007), Logatchev-1 Hydrothermal Field (Gablina et al., 2006), in the Indian Ocean (Halbach et 
al., 1998), and at the TAG Hydrothermal Field (Hannington, 1993). 
Near the surface within the weathering environment, most Cu deposits have a surficial zone 
of secondary remobilisation of Cu, which could lead to a localised economic supergene enrichment 
of copper in these deposits (Reich and Vasconcelos, 2015; Sillitoe and Clark, 1969; Sillitoe, 2005, 
2010). During weathering and soil formation,  primary copper ores within the supergene zones 
undergoes extensive mineralogical transformations, accompanied by oxidation and reprecipitation 
of secondary Cu-minerals (Rivera et al., 2009; Sillitoe, 2010). The previous works mostly focused 
on the inorganic geochemical and microbial processes which led to the observed distinctive 
mineralogical zonation in supergene Cu systems (Brimhall et al., 1985; Henne et al., 2019; 
Lichtner and Biino, 1992; Mathur and Fantle, 2015; Mote et al., 2001; Titley, 2009). However, 
due to limited access the processes of seafloor weathering of sulphide deposits has not been studied 
in as great detail as has terrestrial sulphide weathering (Edwards, 2004).  
The main aim of this experimental study is to elucidate the mechanisms of bornite 
alteration under hydrothermal conditions relevant to oxygen-enriched geological environments 
encountered during mixing of meteoric/seawater with higher temperature fluids and in supergene 
environment. Here, we present the first systematic experimental study of the replacement of 
bornite by chalcopyrite and Cu-sulphides under oxic condition at three temperatures 160, 180 and 
200 °C with solution pH ranging from 1 to 6. The elementary reaction steps, the rate-limiting steps, 
and the influence of temperature, pH and reaction time on reaction mechanisms, rates and the 
evolution of mineralogy and sample textures are discussed. 
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3.2. Samples and methods 
3.2.1.  Starting bornite 
A bornite specimen from the Moonta mines, South Australia was used as the starting 
material for the experiments. The details of the bornite characterization is given in Chapter 2. 
3.2.2. pH buffer solutions 
The pH25°C of buffer solutions such as chloride, phosphate and acetate varied from 1-6 
(Table 3.1). A temperature-corrected pH-meter (EUTECH Instruments, pH 2700) with an 
Ag/AgCl pH electrode was used for room temperature pH measurements. The electrode was 
calibrated with AQUASPEX standard buffer solutions: pH25°C = 4.01 (KH-phthalate buffer), 
pH25°C =7.00 (phosphate buffer), and pH25°C = 10.01 (carbonate buffer). For simplicity, single digit 
number was used for the pH values in the results and discussion sections. 




*The first letter of the buffer ID represents the composition of the buffer solution where H stands for chloride buffer, 
P for phosphate buffer and A for acetate buffer, while the remaining three characters of the buffer ID code represents 
the pH value of the buffer ranging from approximately pH 1 to 6. 
3.2.3. Hydrothermal experiments 
The experiments were conducted in 25 mL polytetrafluoroethylene (PTFE) lined stainless 
steel autoclaves. For each of the experiment, 40±0.1 mg of bornite was added into an autoclave, 
together with 7 mL of the required buffer solution (Table 3.1), and then transferred into the glove 




Calc. Meas. acid C/M Base C/M 
HpH1 1 1.01 HCl 0.134 KCl 0.05 
PpH2 2 2.03 H3PO4 0.0487 NaH2PO4 0.0512 
ApH3 3 3.03 CH3COOH 0.1964 CH3COONa 0.0036 
ApH4 4 3.99 CH3COOH 0.1658 CH3COONa 0.0342 
ApH5 5 4.99 CH3COOH 0.0566 CH3COONa 0.1432 
ApH6 6 5.99 CH3COOH 0.0106 CH3COONa 0.1894 
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then the autoclave was tightly closed by hand. Thereafter, the autoclave was removed from the 
glove box, immediately sealed further using a wrench, and transferred into pre-heated electric 
ovens set at the desired temperature (160 or 180 or 200 °C).  After heating for the required reaction 
time (up to 1008 h), the autoclaves were quenched in a large volume of cold water for 30 min. 
Then, each autoclave was opened, and the reacted fluid was collected, and its volume and pH were 
measured. The solid residue was rinsed three times with de-ionized water and then acetone and 
left to dry at room temperature. After drying, the solid residue was weighed and then stored for 
further analyses.  
3.2.4. Characterisation 
The methodological procedures for powder X-ray diffraction (PXRD) and quantitative 
phase analyses (QPA), optical and electron microscopy, electron probe microanalysis (EPMA), 
electron backscatter diffraction (EBSD), and inductively coupled plasma – optical emission 
spectroscopy (ICP-OES) are provided in Chapter 2. 
Crystal structural data of minerals were taken from the ICSD database (#200422 for 










Table 3.2. Summary of the reaction conditions and the phase abundance of the products. 
Run label* Temp (°C) Time (h) ∆m (%)ǂ Products (wt.%)ϯ 
B001O2_1h 200 1 -13.5 bn(69)ccp(10)cv(8) 
B001O2_1.5h 200 1.5 -21.25 bn(29)ccp(30)cv(20) 
B001O2_2h 200 2 -33.4 cv(67) 
B001O2_2.5h 200 2.5 -40.4 cv(60) 
B001O2_3h 200 3 -43.5 cv(57) 
B001O2_6h 200 6 -73.6 cv(26) 
B001O2_8h 200 8 -85.0 cv(4)hm(11) 
B001O2_24h 200 24 -70.8 nn(10)hm(20) 
B001O2_48h 200 48 -81.5 hm(19) 
B001O2_120h 200 120 -59.8 nn(28)hm(12) 
B002O2_8h 200 8 -5.3 bn(31)ccp(25)dg(29)cv(1)hm(8) 
B002O2_12h 200 12 +0.51 bn(31)ccp(23)dg(31)cv(2)hm(14) 
B002O2_14h 200 14 -9.8 bn(23)ccp(26)dg(31)cv(2)hm(9) 
B002O2_29h 200 29 -0.5 bn(14)ccp(16)dg(29)cv(2)hm(10)lib(28) 
B002O2_55h 200 55 +4.5 bn(13)ccp(14)dg(37)cv(4)hm(11)lib(26) 
B002O2_73h 200 73 -4.8 bn(11)ccp(14)dg(46)cv(4)hm(18)lib(2) 
B002O2_97h 200 97 -6.0 ccp(8)dg(50)hm(26)lib(10) 
B002O2_192h 200 192 -0.9 ccp(5)dg(56)hm(19)lib(20) 
B003O2_12h 200 12 -1.3 bn(53)ccp(18)dg(20)hm(7) 
B003O2_24h 200 24 -0.8 bn(46)ccp(21)dg(25)hm(9) 
B003O2_96h 200 96 -4 ccp(16)cv(12)dg(50)hm(18) 
B003O2_144h 200 144 -0.9 ccp(33)dg(54)hm(13) 
B003O2_240h 200 240 -3.2 ccp(31)dg(53)hm(13) 
B004O2_48h 200 48 +2.2 bn(93)ccp(4)hm(5) 
B004O2_144h 200 144 +0.6 bn(89)ccp(5)hm(6) 
B004O2_216h 200 216 -1.0 bn(71)ccp(10)dg(11)hm(6) 
B004O2_720h 200 720 -4.2 bn(62)ccp(9)dg(17)hm(7) 
B005O2_168h 200 168 -6.5 bn(87)ccp(2)hm(4) 
B005O2_493h 200 493 -0.75 bn(88)ccp(3)hm(8) 
B005O2_781h 200 781 - bn(92)ccp(4)hm(4) 
B006O2_168h 200 168 -4 bn(87)ccp(3)hm(6) 
B006O2_480h 200 480 -8.4 bn(82)ccp(4)hm(6) 
B006O2_1008h 200 1008 -7.3 bn(83)ccp(3)hm(7) 
B180HpH1O2_2h 180 2 -22.2 bn(38)ccp(21)cv(19) 
B180HpH1O2_8h 180 8 -42.3 cv(58) 
B180HpH1O2_12h 180 12 -44.3 cv(51)hm(4) 
B180HpH1O2_37h 180 37 -56.5 cv(25)dg(18) 
B180HpH1O2_53h 180 53 -67.5 cv(7)dg(25) 
B180HpH1O2_145h 180 145 -57.5 dg(24)cc(18) 
B180HpH1O2_192h 180 192 -57.5 dg(14)cc(28) 
B180PpH2O2_8h 180 8 +1.25 bn(44)ccp(25)dg(24)cv(2)hm(7) 
B180PpH2O2_14h 180 14 -3.5 bn(32)ccp(21)dg(21)hm(6)lib(17) 
B180PpH2O2_29h 180 29 -3 bn(21)ccp(26)dg(40)cv(3)hm(7) 
B180PpH2O2_55h 180 55 -0.8 bn(16)ccp(18)dg(31)hm(13)lib(20) 
B180PpH2O2_73h 180 73 -1.5 bn(21)ccp(19)dg(42)hm(16) 
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B180PpH2O2_97h 180 97 -5.0 bn(12)ccp(16)dg(40)hm(15)lib(13) 
B180PpH2O2_148h 180 148 -0.5 bn(16)ccp(13)dg(52)hm(19) 
B180PpH2O2_192h 180 192 -2.3 bn(16)ccp(9)dg(48)hm(17)lib(8) 
B180PpH2O2_250h 180 250 -0.5 dg(78)cv(13)hm(9) 
B180PpH2O2_720h 180 720 -11.4 dg(80)hm(7)lib(2) 
B180ApH3O2_4h 180 4 -1.8 bn(86)ccp(6)hm(6) 
B180ApH3O2_9h 180 9 - bn(62)ccp(12)dg(16)hm(10) 
B180ApH3O2_12h 180 12 -4.5 bn(53)ccp(15)dg(17)hm(9) 
B180ApH3O2_24h 180 24 -4.8 bn(45)ccp(18)dg(21)hm(11) 
B180ApH3O2_60h 180 60 -4.3 bn(48)ccp(19)dg(21)hm(8) 
B180ApH3O2_144h 180 144 -3.5 bn(35)ccp(28)dg(28)hm(6) 
B180ApH3O2_192h 180 192 -4.3 bn(36)ccp(19)dg(32)hm(9) 
B180ApH3O2_240h 180 240 -5.3 bn(17)ccp(25)dg(41)hm(12) 
B180ApH3O2_720h 180 720 -14.5 ccp(25)dg(51)cv(6)hm(4) 
B180ApH4O2_24h 180 24 -1.0 bn(91)ccp(4)hm(4) 
B180ApH4O2_96h 180 96 -0.5 bn(88)ccp(6)hm(5) 
B180ApH4O2_144h 180 144 -1 bn(90)ccp(5)hm(4) 
B180ApH4O2_192h 180 192 - bn(90)ccp(5)hm(5) 
B180ApH4O2_216h 180 216 -2 bn(72)ccp(8)dg(11)hm(6) 
B180ApH4O2_240h 180 240 -2.5 bn(76)ccp(5)dg(11)hm(5) 
B180ApH4O2_384h 180 384 -3 bn(70)ccp(5)dg(16)hm(6) 
B180ApH4O2_432h 180 432 -4.3 bn(69)ccp(5)dg(17)hm(5) 
B180ApH5O2_384h 180 384 -3.5 bn(86)ccp(4)hm(7) 
B180ApH5O2_492h 180 492 -3.3 bn(88)ccp(5)hm(6) 
B180ApH5O2_781h 180 781 -4.1 bn(86)ccp(6)hm(4) 
B180ApH5O2_912h 180 912 -1.75 bn(87)ccp(5)hm(6) 
B180ApH6O2_384h 180 384 -0.3 bn(92)ccp(3)hm(5) 
B180ApH6O2_480h 180 480 -3.8 bn(85)ccp(6)hm(5) 
B180ApH6O2_781h 180 781 -4.5 bn(87)ccp(4)hm(5) 
B180ApH6O2_912h 180 912 -4.5 bn(87)ccp(4)hm(5) 
B180ApH6O2_1008h 180 1008 -2.5 bn(86)ccp(6)hm(5) 
B160HpH1O2_2h 160 2 -17.7 bn(70)cv(6)hm(6) 
B160HpH1O2_3h 160 3 -19.7 bn(69)cv(11) 
B160HpH1O2_5h 160 5 -26.0 bn(44)cv(30) 
B160HpH1O2_8h 160 8 -35.8 cv(64) 
B160HpH1O2_12h 160 12 -36.9 cv(63) 
B160HpH1O2_37h 160 37 -68.5 cv(32) 
B160HpH1O2_192h 160 192 -61.7 cv(38) 
B160HpH1O2_244h 160 244 -29.5 cv(53)dg(18) 
B160PpH2O2_9h 160 9 -3.8 bn(68)ccp(11)dg(12)cv(1)hm(4) 
B160PpH2O2_12h 160 12 -4.5 bn(71)ccp(8)dg(11)cv(1)hm(4) 
B160PpH2O2_24h 160 24 -1.3 bn(68)ccp(9)dg(16)cv(2)hm(4) 
B160PpH2O2_97h 160 97 -5.0 bn(49)ccp(10)dg(24)cv(2)hm(8)lib(4) 
B160PpH2O2_144h 160 144 -9.7 bn(29)ccp(15)dg(30)hm(11)lib(5) 
B160PpH2O2_290h 160 290 +0.7 bn(36)ccp(9)dg(45)hm(11) 
B160ApH3O2_5h 160 5 -1.5 bn(65)ccp(7)dg(20)hm(6) 
B160ApH3O2_12h 160 12 -5.8 bn(64)ccp(8)dg(16)hm(7) 
B160ApH3O2_24h 160 24 -4.3 bn(61)ccp(8)dg(17)hm(9) 
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B160ApH3O2_48h 160 48 -7 bn(54)ccp(6)dg(21)hm(13) 
B160ApH3O2_75h 160 75 -12.3 bn(50)ccp(6)dg(19)hm(13) 
B160ApH3O2_96h 160 96 -10.2 bn(50)ccp(5)dg(21)hm(14) 
B160ApH3O2_144h 160 144 -15.2 bn(38)ccp(3)dg(27)hm(17) 
B160ApH3O2_240h 160 240 -8.5 bn(39)ccp(2)dg(32)hm(18) 
B160ApH4O2_24h 160 24 -0.3 bn(70)ccp(4)dg(17)hm(9) 
B160ApH4O2_144h 160 144 -2.5 bn(68)ccp(6)dg(17)hm(7) 
B160ApH4O2_244h 160 244 -3.5 bn(64)ccp(6)dg(20)hm(6) 
B160ApH4O2_312h 160 312 -2.2 bn(62)ccp(14)dg(17)hm(5) 
B160ApH4O2_386h 160 386 -6.5 bn(51)ccp(13)dg(22)hm(8) 
B160ApH4O2_432h 160 432 -13.3 bn(56)ccp(10)dg(15)hm(6) 
B160ApH5O2_389h 160 389 +0.8 bn(78)ccp(6)dg(12)hm(5) 
B160ApH5O2_492h 160 492 +0.5 bn(78)ccp(6)dg(13)hm(4) 
B160ApH5O2_781h 160 781 -1.8 bn(71)ccp(6)dg(15)hm(7) 
B160ApH5O2_1008h 160 1008 - bn(73)ccp(4)dg(16)hm(7) 
B160ApH6O2_389h 160 389 -2.7 bn(89)ccp(4)hm(4) 
B160ApH6O2_492h 160 492 +0.5 bn(92)ccp(4)hm(4) 
B160ApH6O2_781h 160 781 -2.5 bn(88)ccp(5) 
B160ApH6O2_1008h 160 1008 -5.7 bn(69)ccp(5)dg(12)hm(9) 
ǂ Percentage change in mass.  
ϯAbsolute weight percentage of the mineral phase(s) in the reaction products. 
*In the run code, the first letter B stands for bornite. For the 200 °C experiments, the B was followed by three digits 
which represents the buffer pH. For the 180 and 160 °C experiments, the following three digits after B represent the 
temperature (°C), the three letters and one digit after temperature represents the buffer type and buffer pH. The O2 in 
the run codes stands for oxygen atmosphere, while the digits after the underscore denotes the reaction time in hours. 
Mineral abbreviations: bn = bornite; ccp = chalcopyrite; dg = digenite; cv = covellite, cc = chalcocite; hm = hematite; 
nn = nantokite; lib = libethenite. 
 
3.2.5. Kinetic analysis 
Under isothermal conditions, the kinetics of a wide range of hydrothermal dissolution and 
precipitation reactions follows the empirical Avrami equation (Avrami, 1939; Khanna and Taylor, 
1988; Xia et al., 2009b; Zhao et al., 2009; Zhao et al., 2019): 
𝑦 = 1 − exp (−𝑘𝑛𝑡𝑛)         (3.1) 
where y is the reaction extent, k (s-1) is the rate constant, t (s) is the reaction time, and n 
(dimensionless) is the time exponent which is dependent on the reaction mechanism (Avrami, 
1939, 1940, 1941; Christian, 1965). The reaction extent y which can be expressed in percentage or 
as a fraction is calculated from the QPA results using the relation: 
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𝑦 = 100 − [𝑊𝑝 ×
𝑌𝑡
𝑌0
]          (3.2) 
where Wp is the relative weight percentage of bornite obtained from QPA, Yt is the mass of the 
final solid residue at an arbitrary reaction time t and Y0 is the mass of the starting bornite (at t = 0).  
To obtain the exponent n and the rate constant k, the Avrami equation (Eq. 3.1) can be transformed 
to a linear form as: 
ln[−ln(1 − 𝑦)] = 𝑛ln(𝑘) + 𝑛ln(𝑡)        (3.3) 
If the activation energy does not change during the reaction, a plot of ln[-ln(1-y)] as a function of 
ln(t) would yield a straight line from which the exponent n and the rate constant k can be obtained. 
The exponent n is the slope of the straight-line graph, while the intercept is nln(k). The rate constant 
is temperature dependent, and it is assumed to follow the Arrhenius law: 
𝑘 = 𝐴 • exp (−
𝐸𝑎
𝑅𝑇
)          (3.4) 
where Ea is the activation energy (kJ mol
-1), A is the pre-exponential factor (mol cm-2 s-1), R is the 
gas constant (8.3143 J mol-1 K-1), and T is the absolute temperature (K). The activation energy (Ea) 
and the pre-exponential factor (A) can obtained by transforming Eq. 3.4 into a linear function; 
ln(𝑘) = ln𝐴 − 𝐸𝑎/𝑅𝑇         (3.5) 
A plot of ln(k) as a function of 1/T will yield a straight-line graph from which (Ea) can be obtained 




3.3.1. The rate of bornite transformation 
3.3.1.1. The effect of pH 
The effect of pH on the bornite transformation rate was studied at three temperatures (160, 
180, and 200 °C) with the six different buffer solutions (Table 3.1), and the results are presented 
in Figs. 3.1 and 3.2.  
At 160 °C, bornite transformation rate decreased initially with increasing pH from 1 to 2, 
and then increased with increasing pH from 2 to 3. At higher pH 4, 5 and 6, the rate decreased with 
increasing pH (Fig. 3.2a). For example, after 12 h, bornite has undergone 100% transformation at 
pH 1, 29% at pH 2, and 36% at pH 3 (Figs. 3.1j, m, p; 3.2a). At higher pH 4 after 386 h, 49% of 
bornite have been transformed, which decreased to 22% at pH 5 after 389 h, and further declined 
to 11% over the same period at pH 6 (Figs. 3.1a, d, g; 3.2a). 
At 180 °C, the rate of bornite transformation declined from pH 1 to 6 (Fig. 3.2b). For 
instance, bornite has been completely transformed after 192 h at pH 1. At pH 2, 84% of bornite 
was transformed and it decreased to 64% and 10% at pH 3 and 4, respectively (Figs. 3.1h, k, n, q; 
3.2b). Likewise, at higher pH after 384 h, about 30% of bornite was transformed at pH 4, 14% at 
pH 5, and 8% at pH 6 (Figs. 3.1b, e, h; 3.2b). 
At 200 °C, the rate of bornite transformation decreased with increasing pH. For instance, 
bornite was completely transformed after 2 h at pH 1, while 69% of bornite was transformed after 
8 h at pH 2 (Figs. 3.1o, r). At pH 3, after 24 h, only 54% of bornite has been transformed (Fig. 
3.1l). At the longest reaction times at pH 4-6, 38% bornite was transformed at pH 4 after 720 h, 




Fig. 3.1. A plot of the quantitative phase analyses showing the change in phase abundance (in 






Fig. 3.2. Effect of pH on the reaction rate of the replacement of bornite (a) at 160 °C, after 12 h at 
pH 1 to 3, and after 386 h at pH 4, and 389 h at pH 5 and 6, and (b) at 180 °C after 192 h at pH 1 
to 4, and after 384 h at pH 4 to 6. 
 
3.3.1.2. The effect of temperature 
At pH 1 to 3, the rate of bornite transformation increased with increasing temperature from 
160 to 200 °C (Fig. 3.3a-c). For example, after 2 h at pH 1, 30% of bornite was transformed at 160 
°C, 62% at 180 °C, and 100% at 200 °C (Figs. 3.1p-r; 3.3a). After 97 h at pH 2, the reaction extent 
increased from 51% at 160 °C to 88% at 180 °C, and to 100% at 200 °C (Figs. 3.1m-o; 3.3b). At 
240 h in pH 3 solution, the reaction progressed from 61% at 160 °C to 83% at 180 °C, and to 100% 
at 200 °C (Figs. 3.1j-l; 3.3c).    
At higher pH 4 to 6, bornite transformation rate shows some non-linear behaviours with 
increasing temperature from 160-200 °C (Figs. 3.3d-f). For instance, at pH 4 after 144 h, 32% of 
bornite was transformed at 160 °C, decreased to 10% at 180 °C, and marginally increased to 11% 
at 200 °C (Fig. 3.3d). At pH 5 after 781 h, 29% of bornite was transformed at 160 °C, decreased 
to 14% at 180 °C and to 8% at 200 °C (Fig. 3.3e). At pH 6 after 1008 h, 31% bornite was 
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transformed at 160 °C, decreased to 14% at 180 °C, but then it increased to 17% at 200 °C (Fig. 
3.3f). 
 
Fig. 3.3. Effects of temperature on the reaction rate of the replacement of bornite in (a) buffer 
solution of pH 1 after 2 h, (b) buffer solution of pH 2 after 97 h, (c) buffer solution of pH 3 after 
240 h, (d) buffer solution of pH 4 after 144 h, (e) buffer solution of pH 5 after 781 h, and (f) buffer 
solution of pH 6 after 1008 h. 
3.3.2. Mineralogical composition and textures 
3.3.2.1. The effect of pH  
The PXRD analyses and microscopic observations revealed that the mineralogical 
composition and the sample texture depends on pH (e.g. Figs. 3.1, 3.4). The effects of pH on the 
mineralogy and sample texture were closely investigated at 180 °C (Figs. 3.1b, e, h, k, n, q; 3.4a-
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At pH 1, bornite alteration product consists of Cu-sulphides identified as chalcopyrite, 
covellite, digenite, chalcocite, and hematite (Figs. 3.1q; 3.4p-r). After 2 h of reaction, 38 wt.% 
bornite remained, while 21 wt.% chalcopyrite and 19 wt.% covellite were produced (Fig. 3.1q; 
Table 3.2). By 8 h, bornite and chalcopyrite dissolved and only 58 wt.% covellite was detected 
with the remaining 42 wt.% accounting for the dissolution loss (Figs. 3.1q, 3.4p). By 37 h of the 
reaction, the digenite replaces covellite towards the highly porous centre of the grain and along the 
rim where it formed a thin layer with thickness 13.82 µm (6.82-22.20 µm, ẟ= 4.15) (Fig. 3.4q). 
After 53 h, digenite increased slightly by 7 wt.% while covellite decreased by 18 wt.% (Fig. 3.1q; 
Table 3.2). At 145 h, however, covellite was no longer detected and the mineralogical composition 
of the product is digenite (24 wt.%) and chalcocite (18 wt.%), with chalcocite replacing digenite. 
The mass increased by 10 wt.% suggesting the regain of dissolved Cu from the solution to the 
solid phase (Figs. 3.1q; Table 3.2). At 192 h, more chalcocite (28 wt.%) was formed relative to 
digenite (14 wt.%) suggesting the replacement of digenite by chalcocite (Figs. 3.1q, 3.4r; Table 
3.2). Considering porosity, it concentrates in the central parts of the grains, while the rim is formed 
by densely packed crystals (Fig. 3.4r), and this might be due to the volume increase when covellite 
was converted to digenite and chalcocite (Fig. 3.1q). 
At pH 2 and 3, chalcopyrite, digenite, covellite, libethenite and hematite are products of 
bornite transformation (Figs. 3.1k, n; 3.4j-o). At pH 2 after 8 h of the reaction, 44 wt.% of bornite 
remained intact. The reaction products were composed of chalcopyrite (25 wt.%), digenite (24 
wt.%), covellite (2 wt.%) and hematite (7 wt.%) (Figs. 3.1n, 3.4m; Table 3.2). The chalcopyrite 
lamellae are evenly distributed within the bornite + digenite assemblage (Fig. 3.4m). Pockets of 
covellite replaced digenite at the rim (Fig. 3.4m). After 29 h, only 21 wt.% bornite remained and 
the amounts of secondary products including chalcopyrite, digenite and covellite increased (Fig. 
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3.1n). The content of hematite remained stable at 7 wt.% (Figs. 3.1n, 3.4n; Table 3.2). The rim is 
composed of digenite with pockets of covellite and forming the rim where it replaces digenite (Fig. 
3.4n). About 16 wt.% more digenite formed at 29 h comparing to 8 h (Fig. 3.1n; Table 3.2), and 
the digenite zone is more pronounced at 29 h (Figs. 3.4m, n). At this stage, abundant chalcopyrite 
lamellae occur in the bornite matrix, while the lamellae-free regions consist of bornite±digenite 
(Figs. 3.4m-n). The chalcopyrite lamellae occur as basket-weave texture (Figs. 3.4m, n). At 29 h, 
the average size of the fine chalcopyrite lamellae and the average length of the coarse lamellae are 
about twice the size at 8 h (Figs. 3.4m-n; Table 3.3). By 250 h of reaction, bornite and chalcopyrite 
disappeared and digenite (78 wt.%), covellite (13 wt.%) and hematite (9 wt.%) remained (Fig. 
3.1n). With the reaction progress to 720 h, the product phases continue to undergo transformations 
to digenite (80 wt.%) with minor amounts of hematite (7 wt.%) and libethenite (2 wt.%) (Figs. 
3.1n, 3.4o; Table 3.2). The grain is rimmed by a dark-coloured porous product (Fig. 3.4o) which 
are most likely a mixture of hematite and libethenite based on PXRD (Fig. 3.1n).  
At pH 3, after 9 h, the products consist of chalcopyrite (12 wt.%), digenite (16 wt.%) and 
hematite (10 wt.%) (Fig. 3.1k). The core of the grains is formed by bornite+chalcopyrite+digenite 
assemblages, while digenite precipitated at the rim (Fig. 3.4j). On average, the coarse chalcopyrite 
lamellae are 10.98 µm long (4.00-16.60 µm, ẟ= 3.81) and 2.32 µm wide (1.01-4.61 µm, ẟ= 1.18), 
while the fine lamellae are 4.67 µm long (1.74-7.62 µm, ẟ= 1.61) and 0.59 µm wide (0.32-1.20 
µm, ẟ= 0.26) (Table 3.3). After 60 h the content bornite decreased, while the amount of 
chalcopyrite and digenite increased (Fig. 3.1k). The concentration of hematite is similar (8 wt.%) 
(Figs. 3.1k; 3.4j-k; Table 3.2). The core and the bulk of the grain consists of the intergrowth of 
bornite+chalcopyrite+digenite, while the rim consists of digenite (Figs. 3.4j, k). Furthermore, the 
chalcopyrite lamellae appear to be homogenously distributed within the bornite+digenite matrix 
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and formed a two-dimensional network crosscutting at ~ 90° (Figs. 3.4j-k). The size of the 
chalcopyrite lamellae is similar to that observed at 9 h (Table 3.3). Few fractures were observed 
in the core of the reacted grains (Fig. 3.4k). The fractures are partly filled by grayish hematite with 
bluish tint (Fig. 3.4k). After 720 h, bornite has been completely replaced by chalcopyrite (25 
wt.%), digenite (51 wt.%), covellite (6 wt.%) and hematite (4 wt.%) (Figs. 3.1k, 3.4l; Table 3.2). 
The photomicrographs revealed layered textures with three zones namely: (i) a core consisting of 
the remnant chalcopyrite lamellae+digenite, (ii) a digenite layer surrounding the 
chalcopyrite+digenite core, and (iii) an outer rim where digenite is locally replaced by covellite 
(Fig. 3.4l). The net decrease in the chalcopyrite relative to digenite and the relicts of lamellae in 
the core (Fig. 3.4l) suggests the replacement of chalcopyrite by digenite. The chalcopyrite lamellae 
are fine and has an average length of 4.19 µm (2.10-7.43 µm, ẟ= 1.65), and average width of 0.77 
µm (0.58-1.07 µm, ẟ= 0.15) (Table 3.3). 
At pH 4, chalcopyrite lamellae, digenite and hematite are also present (Figs. 3.1g-i; 3.4g-
i; Table 3.2). After 96 h, the chalcopyrite lamellae are randomly distributed within the bornite and 
hematite in the rim (Fig. 3.4g). After 216 h, the chalcopyrite lamellae are evenly distributed within 
bornite (Fig. 3.4h). Digenite envelopes chalcopyrite lamellae and forms a thin irregular rim around 
the bornite grain (Figs. 3.4h-i). After 432 h, the relatively short and thin lamellae and relatively 
long and thick lamellae of chalcopyrite are scattered within the host bornite (Fig. 3.4i). 
Examination of the cross-sections revealed the coalescence of two or more long lamellae (Fig. 
3.4i). The fine lamellae are 0.44-1.80 μm thick after 96 h and 216 h, and 2.36-3.0 μm thick after 
432 h. Likewise, the fine lamellae are 3.71-8.99 μm long after 96 h, and 4.12-23.11 μm long after 
216 h and 432 h (Table 3.3). The coarse lamellae are 13.98-28.9 μm long at 96 h, 4.47-17.44 μm 
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long at 216 h and 22.24-46.82 μm long at 432 h, while the coarse lamellae are 1.54-4.72 μm thick 
at 96 h and 216 h, and 3.16-9.55 μm thick at 432 h (Table 3.3).  
At pH 5 after 384 h, greater percentage of bornite (86 wt.%) is yet to react while sparse 
chalcopyrite lamellae (4 wt.%) and hematite (7 wt.%) formed (Figs. 3.1e, 3.4d; Table 3.2). 
Chalcopyrite lamellae are sparingly distributed in bornite and some of them coalesce. Hematite 
occurs as grayish clustered rosette-like (Fig. 3.4d). After 492 h, 88 wt.% of bornite is unreacted 
with minor amounts of chalcopyrite (5 wt.%) and hematite (6 wt.%) (Figs. 1e, 4e; Table 2). 
Chalcopyrite lamellae are sparingly distributed within bornite. After 912 h, together with bornite 
(87 wt.%) the product consists of the same minor quantities of chalcopyrite and hematite (Figs. 
3.1e, 3.4f; Table 3.2). The chalcopyrite lamellae are rare and tend to aggregate (Fig. 3.4f). These 
coalesced lamellae are rimmed by digenite (Fig. 3.4f). Although, the presence of digenite was not 
confirmed by PXRD analysis (Fig. 3.1e). Since the bornite and digenite components could not be 
easily separated based on the PXRD, it is likely that the observed digenite forms solid solution 
with bornite or its quantity is below detection limit. The chalcopyrite lamellae are 0.61-3.91 μm 
thick and 3.89-10.06 μm long after 384 h, while the lamellae are 0.61-6.58 μm thick and 2.16-
37.68 μm long after 492, 781 and 912 h (Table 3.3). 
At pH 6 after 384 h, only small quantity of bornite (8%) has reacted and the reaction 
products consist of minor amount of chalcopyrite lamellae (3 wt.%) and hematite (5 wt.%) (Figs. 
3.1b, 3.4a; Table 3.2). Few lamellae were observed heterogeneously distributed in bornite (Fig. 
3.4a). With further increase in reaction time to 480 h, 15% bornite reacted; however, bornite is still 
the dominant phase (85 wt.%), while chalcopyrite (6 wt.%) and hematite (5 wt.%) remain minor 
phases (Figs. 3.1b, 3.4b; Table 3.2). The chalcopyrite lamellae are rare and randomly distributed 
in bornite (Fig. 3.4b). Grains of grayish hematite tend to concentrate at the rim and around pores 
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(Fig. 3.4b). At 912 h, the main phase is bornite (87 wt.%) with minor presence of digenite-rimmed 
chalcopyrite lamellae (4 wt.%) and hematite (5 wt.%) (Figs. 3.1b, 3.4c; Table 3.2). Digenite is 
associated with chalcopyrite lamellae (Fig. 3.4c); however, its amount is below the detection of 
PXRD (Fig. 3.1b). Measurements of the chalcopyrite lamellae suggests that the lamellae size 
firstly increased with increasing reaction time from 384 h to 912 h, and then decreased after 1008 




Fig. 3.4. Reflected light optical images of the reaction products during replacement of bornite at 
180 °C as a function of time and pH; i.e., (a-c) pH 6, (d-f) pH 5, (g-i) pH 4, (j-l) pH 3, and (m-o) 
pH 2, and (p-r) pH 1. Note the relative decrease in the amount of secondary minerals with 
increasing pH. The run codes of the samples follow these in Table 2. bn = bornite; ccp = 














Width (µm) Length (µm) 
pH 1 B001O2_1.5h 200 1.5                  0.86                 4.52 
B180HpH1O2_2h 180 2                   0.60                 3.44 
pH 2 
B180PpH2O2_8h 180 8 
                  0.47 (fine) 
   2.03 (coarse) 
                 3.27 (fine) 
            11.40 (coarse) 
B180PpH2O2_29h 180 29 
                0.82 (fine) 
         3.62 (coarse) 
              6.95 (fine)
23.62 (coarse) 
pH 3 
B180ApH3O2_9h 180 9 
                 0.59 (fine) 
          2.32 (coarse) 
                4.67 (fine) 
            10.98 (coarse) 
B180ApH3O2_60h 180 60 
                  0.48 (fine) 
              2.21 (coarse) 
                3.96 (fine) 
             9.3 (coarse) 
B180ApH3O2_720h 180 720                   0.77                 4.19 
pH 4 B004O2_144h 200 144            2.27            9.77 
B180ApH4O2_96h 180 96 
                  0.87 (fine) 
           2.95 (coarse) 
                5.47 (fine) 
       21.05 (coarse) 
B180ApH4O2_144h 180 144              1.71           11.08 
B180ApH4O2_216h 180 216 
                 1.01 (fine) 
            2.80 (coarse) 
           11.44 (fine) 
             10.05 (coarse) 
B180ApH4O2_432h 180 432 
               2.68 (fine) 
  5.77 (coarse) 
            12.5 (fine) 
 32.91 (coarse) 
B160ApH4O2_144h 160 144              1.66        14.78 
pH 5 B005O2_781h 200 781              1.67              8.20 
B180ApH5O2_384h 180 384             1.85                 8.24 
B180ApH5O2_492h 180 492               1.66             9.39 
B180ApH5O2_781h 180 781               1.67            10.05 
B180ApH5O2_912h 180 912            2.33            10.42 
B160ApH5O2_781h 160 781              1.89              10.27 
pH 6 
B006O2_1008h 200 1008 
                 0.99 (fine) 
          3.87 (coarse) 
                   3.08 (fine) 
             11.76 (coarse) 
B180ApH6O2_384h 180 384                 1.14                   4.78 
B180ApH6O2_480h 180 480       3.95          14.05 
B180ApH6O2_912h 180 912  4.68     16.01 
B180ApH6O2_1008h 180 1008                  1.28                6.85 
B160ApH6O2_1008h 160 1008 
                  0.64 (fine) 
               1.63 (coarse) 
                  3.64 (fine) 
        16.63 (coarse) 
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3.3.2.2. The effect of temperature 
Low pH - pH 1 
At pH 1, and at the three temperatures the products consist of hematite, chalcopyrite, 
covellite, digenite and chalcocite (Figs. 3.1p-r; 3.5; Table 3.2). Nantokite was observed at 200 °C 
(Fig. 3.1r).  
At the early stage of the replacement, the replacement rate increases with increasing 
temperature (Figs. 3.1p-r; 3.5a, d, g). In all the three temperatures, apart from the exsolution 
process, the replacement begins at the surface and/or along cracks in bornite and proceeds towards 
the core of the grains with a sharp reaction front (Figs. 3.5a, d, g). At 160 °C after 5 h, QPA 
revealed that the reaction product is covellite (30 wt.%) (Figs. 3.1p; Table 3.2). Howewer, the core 
of the grain is bornite (44 wt.%) with traces of chalcopyrite, while relicts of digenite were identified 
at the rim and it was replaced by covellite (Fig. 3.5g). At 180 °C after 2 h, the product is composed 
of chalcopyrite and covellite. Compared to after 5 h at 160 °C, the remnant bornite is 6 wt % less, 
formed covellite is 11 wt.% less, while the chalcopyrite (21 wt.%) formed are more prominent 
(Figs. 3.1p, q; 3.5d, g; Table 3.2). Chalcopyrite lamellae, ~3.5 µm long and ~0.6 µm wide, 
concentrate in the core of the bornite grains (Fig. 3.5d; Table 3.3). Covellite precipitated along the 
rim where it replaces relicts digenite (Fig. 3.5d). At 200 °C and after 1.5 h of the reaction, the 
product consists of chalcopyrite (30 wt.%) and covellite (20 wt.%) together with the unreacted 
bornite (29 wt.%) (Fig. 3.5a; Table 3.2). The process begin with the growth of chalcopyrite 
lamellae in bornite. Subsequently the rim of the grains are replaced by covellite (Fig. 3.5a). 
Covellite formed along fractures in the grain and replaced relict digenite (Fig. 3.5a). The 
chalcopyrite lamellae have an average length of ~4.5 µm and width of ~0.9 µm similar to that 
observed after 2 h at 180 °C (Table 3.3). Chalcopyrite lamellae were observed to form in bornite 
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at 200 °C and 180 °C, while only traces of chalcopyrite were observed in pH 1 buffer at 160 °C 
after 5 h which was not detected by the PXRD (Figs. 3.1p-r; 3.5a, d, g).  
At the mid-stage of the replacement, covellite is the dominant product phase and it seems 
that temperature has no effect at this stage (Figs. 3.1p-r; 3.5b, e, h). For example, at 160 °C after 
12 h, QPA showed covellite (63 wt.%), only (Figs. 3.1p, 3.5h; Table 3.2). At 180 °C after 12 h of 
the reaction, the porous grains contain covellite (51 wt.%) and hematite (4 wt.%) (Fig. 3.5e; Table 
3.2), which explains the observed dissolution loss of about 44% (Fig. 3.1q, 3.5e; Table 3.2). At 
200 °C after 3 h, the chalcopyrite basket weave-like texture are completely replaced by covellite 
(57 wt.%) (Figs. 3.1r, 3.5b; Table 3.2). 
At the late stage of the replacement, bornite dissolution rate increases with increasing 
temperature (3.5c, f, i). Also at this late stage, chalcocite was observed to form only at 180 °C after 
145 h (Figs. 3.1p-r, 3.5). At 160 °C after 244 h, digenite replaces covellite with a dissolution rate 
of 29.5% (Figs. 3.1p, 3.5i; Table 3.2). At 180 °C after 145 h, the product consists of intergrowth 
of digenite and chalcocite with a dissolution rate of 57.5% (Figs. 3.1q, 3.5f; Table 3.2). The pores 
concentrate in the core of the grain while the rim is more dense (Fig. 3.5f). This suggest that 
porosity increased with the progress of the replacement reaction and healed towards the end of it 
suggesting the transient nature of porosity. At 200 °C after 8 h, the product consists of covellite 
and hematite with a high dissolution rate of 85% (Figs. 3.1r, 3.5c; Table 3.2). The reaction at 200 
°C stopped after the formation of covellite and progressive oxidation resulted in the formation of 




Fig. 3.5. Reflected light images of the reaction products replacing bornite in acidic solution (pH 
1) as a function of time (a-c) 200 °C, (d-f) 180 °C, and (g-i) 160 °C. bn = bornite; ccp = 
chalcopyrite; dg = digenite; cv = covellite; cc = chalcocite; hm = hematite.  
 
Higher pH - pH 4-6 
At pH 4 after 144 h and at the three temperatures studied, the products consist of digenite, 
chalcopyrite and hematite (Figs. 3.1g-i; 3.6a, d, g). The texture is formed by chalcopyrite lamellae 
and irregular blebs within unreacted bornite, and the lamellae are sometimes enveloped by digenite 
(Figs. 3.4g-i; 3.6a, d, g). However, digenite formation is more intensified at lower temperature of 
160 °C comparing with experiments at 180 and 200 °C (Figs. 3.6a, d, g). Also, the length of 
chalcopyrite lamellae decreases with increasing temperature from 160 to 200 °C, while the 
lamellae width increases with increasing temperature (Table 3.3). This implies that the lamellae 
became shorter and thicker with increasing temperature (Figs. 3.6a, d, g; Table 3.3). 
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The experiments at pH 5 and 6 also produced similar mineral assemblages and textures like 
that observed at pH 4 (Fig. 3.6). Also, at pH 5 and 6, the replacement of bornite by secondary 
phases is intensified at lower temperature of 160 °C with prominent digenite formation comparing 
to 180 and 200 °C (Figs. 3.6b, c, e, f, h, i). Prominent cracks were observed within the pristine 
bornite matrix at 200 °C (pH 4 to 6) (Figs. 3.6a-c). At pH 5 after 781 h, the length of the 
chalcopyrite lamellae increased from 160 °C to 180 °C and then decreased from 180 °C to 200 °C. 
In contrast, the width of the lamellae are quite similar at the three temperatures ranging from 0.63-
4.37 μm (Figs. 3.6b, e, h; Table 3.3). At pH 6 after 1008 h, the lamellae measurement revealed that 
the size of the coarse chalcopyrite lamellae firstly decreases from 160 °C to 180 °C, and then 











Fig. 3.6. Reflected light images of bornite and the reaction products as a function of temperature 
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3.3.3.  Kinetic analysis results 
The Avrami and Arrhenius plots are plotted in Fig. 3.7. The calculated time exponents n, 
rate constant k and the activation energy Ea for the experiments at pH 1-3 obtained from the kinetic 
analyses are summarized in Table 3.4. The activation energies were not obtained for experiments 
at pH 4-6 because these sets of experiments show non-Arrhenius behaviour. 
 
Fig. 3.7. Avrami and Arrhenius plots for (a,b) the pH 3 experiments, (c,d) the pH 2 experiments, 
(e,f) the pH 1 experiments. 
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Table 3.4. Calculated time exponent n, rate constant k and activation energy Ea from the 
Avrami and Arrhenius plots. 
 
pH T (°C) n ln(k) [ln(s-1)] Ea (kJ mol-1) 
1 200 2.97 -8.5 67.7 
 160 0.94 -10.1  
2 200 0.31 -9.8 157.9 
 180 0.25 -10.4  
 160 0.36 -13.4  
3 200 0.29 -12.2 75.7 
 180 0.42 -12.7  
 160 0.23 -14.0  
 
3.3.4. The evolution of solution compositions 
The changes of Cu and Fe concentrations obtained from ICP-OES solution analysis are 
shown as a function of reaction time in Fig. 3.8. Both concentrations and % of metal released from 
the solids are shown on the left and right vertical axes (Figs. 3.8). 
At pH 1, Cu and Fe were first rapidly released into the solutions in the first 1-12 h. The 
initial rapid Cu release increases with temperature (Figs. 3.8g), releasing up to 88 % Cu in the first 
8 h at 200 °C; and up to 44% Cu and 30% Cu in the first 12 h at 180 °C and 160 °C, respectively 
(Figs. 3.8g). After the initial rapid Cu release, Cu release slightly increases at 200 °C from 88% at 
8 h, reaching 96% at 48 h, and then decreases to 65% at 120 h; while at 180 °C, Cu release 
decreased from 44% at 12 h to about 37% at 37 h, then increases to about 60% at 53 h, and then 
continuously decreases, reaching 31% at 192 h; and at 160 °C, Cu release continuously increases 
reaching about 91% at 192 h (Figs. 3.8g). On the other hand, rapid Fe release occurred in the first 
hour (39%) at 200 °C; while at 180 °C, up to 54% Fe was released in the first 2 h; and up to 85% 
Fe in the first 12 h at 160 °C (Figs. 3.8h). Thereafter, Fe release slowed down after 1 h at 200 °C, 
falling to minimum at 8-48 h, and then slowly increases again to 21% at 120 h; while at 180 °C, 
Fe released increased to a maximum of 100% at 53 h, and slightly dropped to about 93-95% at 145 
and 192 h; and at 160 °C, Fe release fall to a minimum at 37 h, and then slowly increases again to 
about 10% at 192 h (Figs. 3.8g-h).  
At pH 2, more Cu (up 32%) was released into the solution relative to Fe (<3%) (Fig. 3.8e-
f). However, at pH 3, Cu was first rapidly released into the solution in the first 50-150 h depending 
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on the temperature, thereafter, Cu release slow down and falls to a minimum while Fe release into 
the solution dominates (Fig. 3.8c-d). At higher pH 5, less than 0.6% Cu and Fe were released into 
the solution. For the pH 2, 3 and 5 runs, the small Fe concentration in the solutions (Figs. 3.8b, d, 
f) is in agreement with the formation of Fe-oxide mineral hematite. Comparison of the percentage 
Cu and Fe released in the pH range studied also suggests incongruent dissolution of bornite as 









































































































































































































































































































































































































































































Fig. 3.8. The concentrations of Cu and Fe as a function of reaction time in solutions from (a, b) 
the pH 5 experiments, (c, d) the pH 3 experiments, (e, f) the pH 2 experiments, and (g, h) the pH 
1 experiments. The percentages of released Cu and Fe from bornite are also plotted as a function 
of time (a-h). 
3.3.5. Crystallographic orientation between the associated minerals 
EBSD analyses were performed on selected reacted samples to determine the 
crystallographic orientation relationship between the neighbouring phases. Due to the similarity in 
crystal structure among bornite, digenite, and chalcopyrite, their EBSD Kikuchi patterns were very 
similar (only differs by one or two weak bands). The automatic indexing resulted in misindexing, 
especially between chalcopyrite and bornite. Similar issues were found for orthorhombic bornite, 
tetragonal chalcopyrite, and cubic bornite. Hence, the minerals were identified using EDS and used 
as a reference for the interpretation of the EBSD analyses. The orthorhombic structure was 
enforced for bornite following results of PXRD analysis. The near identical EBSD Kikuchi 
patterns obtained for bornite, chalcopyrite, and digenite (Fig. 3.9b-d), suggest these three minerals 
share principle zone axes; e.g., [1 0 0], [0 1 0], and [0 0 1], respectively. 
The BSE image in Fig. 3.9a shows a grain boundary between two crystals of bornite, which 




Fig. 3.9. EBSD results of a mineral grain after 12 h of reaction at 200 °C in pH 2 solution. (a) BSE 
image, (b-d) EBSD Kikuchi patterns of the numbered spots shown in (a). The black dotted line 
shows the grain boundary in bornite, while the arrows point at the impinged growth of 
chalcopyrite+digenite lamellae across the grain boundary in bornite. 
3.3.6. Mineral chemistry 
The result of EPMA analyses revealed nonstoichiometric chemical composition of bornite; 
i.e., depleted amounts of copper and iron. Covellite is slightly enriched with Cu (Cu1.02S to 
Cu1.05S); digenite is enriched with Fe (Cu6.81Fe0.70S5 to Cu8.80Fe0.22S5) (Table 3.5). The chemical 
composition of some light blue coloured digenite associated with bn+ccp (e.g. Fig. 3.10) is within 
the range (Cu6.28Fe0.91S5 to Cu7.15Fe0.56S5) of the bornite-digenite solid-solution (bdss). The 
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relatively high Fe content suggests a bn-rich bdss. Such Cu-rich, Fe-poor bornite compositions 
carrying microscopic intergrowths of other Cu-sulphides have been reported from few deposits 
such as the Cu-Ag-(Au)-Mo veins at Moberg, Telemark, Norway (Cook et al., 2011). 
Quantitative WDS elemental maps show the changes in the distribution of Cu, Fe and S 
(Figs. 3.10, 3.11). For the sample reacted at pH 1 and 200 °C for 1 h, the map shows pockets of 
slightly (Cu,Fe)-depleted core compared to the starting bornite composition, which corresponds to 
the presence of chalcopyrite lamellae in bornite (Fig. 3.10). The digenite replaces bn+ccp along 
the grain boundaries and Cu concentration increased to about 75 wt.% while the digenite zone is 
Fe-depleted (Fig. 3.10). The Fe map (Fig. 3.10) revealed iron concentration gradient from ~12 to 
<2 wt.% from the core through to the covellite zone and to the grain surface. 
For the sample reacted in pH 2 buffer solution at 200 °C for 12 h, the quantitative WDS 
elemental maps revealed that Fe concentration in the bn+dg-I zone is ~9 wt.% which increased to 
~27 wt.% in chalcopyrite lamellae within the bn+dg-I (Fig. 3.11). Likewise, S concentration also 
increased within the chalcopyrite lamellae compared to bn+dg-I zone, while Cu concentration 
decreased from ~63 wt.% in the bn+dg-I zone to ~35 wt.% in chalcopyrite. It can be inferred from 
the elemental maps that compared to chalcopyrite in the core, the surrounding core-shell boundary 
identified as digenite (dg) zone has Fe concentration close to zero and lower S concentration but 
higher Cu concentration (Fig 3.11), suggesting the removal of Fe and S during the replacement of 
chalcopyrite by digenite. The Cu and S maps also show that pockets of covellite nucleating on 
digenite along the rim has relatively lower Cu concentration but higher S concentration (Fig. 3.11). 
At the grain surface, Fe concentration is as high as 45 wt.% while the Cu map also revealed the 
presence of residual Cu ~7 wt.% (Fig. 3.11). Although, oxygen was not analysed for, but the PXRD 
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analysis confirmed the presence of hematite. Therefore, this outer rim region may be an Fe-
mineral; hematite or could be Fe re-adsorbed back onto the surface from solution.  






Weight percentage of elements in products 
(wt.%) [mean(range)] Composition Mineral# 
Cu Fe S 
B001O2_1h 200 
5 63.22(0.94) bdlǂ 31.56(1.87) Cu1.02(0.29)S1.00 cv 
5 67.63(2.22) 6.15(1.64) 25.07(0.63) Cu6.81(0.39)Fe0.70(0.17)S5.00 dg 
8 61.46(1.20) 10.94(0.85) 26.26(0.43) Cu4.73(0.16)Fe0.96(0.07)S4.00 bn 
B002O2_12h 200 
3 76.33(0.81) 1.67(0.41) 21.88(0.46) Cu8.80(0.15)Fe0.22(0.06)S5.00 dg 
2 38.27(0.89) 25.69(1.09) 32.52(0.21) Cu1.19(0.07)Fe0.91(0.07)S2.00 ccp 
B005O2_168h 200  63.84(0.46) 10.99(0.23) 26.07(0.23) Cu4.94(0.03)Fe0.97(0.03)S4.00 bn 
B006O2_168h 200 6 62.73(0.59) 10.58(0.09) 25.41(0.19) Cu4.98(0.04)Fe0.96(0.01)S4.00 bn 
B180HpH1O2_13h 180 6 64.57(0.63) bdl 31.09(0.51) Cu1.05(0.07)S1.00 cv 
ǂ bdl = below detection limit.  
#bn = bornite; ccp = chalcopyrite; dg = digenite; cv = covellite.   
 
 
Fig. 3.10. Back-scattered electron image and WDS quantitative elemental distribution maps of Cu, 
Fe, and S after reacting bornite in acidic solution (pH 1) at 200 °C for 1 h. The map revealed that 
the covellite rim and the digenite zone are both low in iron relative to the bornite and the 
chalcopyrite lamellae. The digenite zone is enriched in Cu comparing with the unreacted bornite 
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and chalcopyrite. The black arrow points at the replacement of digenite by covellite along the grain 
boundaries. bn = bornite; ccp = chalcopyrite; dg = digenite and cv = covellite. 
 
Fig. 3.11. Back-scattered electron image and WDS quantitative elemental distribution maps of Cu, 
Fe, and S after reacting bornite in acidic solution (pH 2) at 200 °C for 12 h. The map revealed that 
the core is made up of the intergrowth of bornite, chalcopyrite and the first generation of digenite 
(dg-I). An enveloping more Fe-deficient digenite layer surrounds the bn+ccp+dg-I core. Small 
patches of covellite replaced digenite along the rim region, and the grain surface has Fe 
concentration as high as 45 wt.% supporting the presence of Fe mineral; hematite as confirmed by 
PXRD analysis or could be Fe re-adsorbed back onto the surface from solution. The grain surface 
also has some residual Cu. bn = bornite; ccp = chalcopyrite and dg = digenite. 
3.4.  Discussion 
3.4.1. Fluid-induced solid-state diffusion (FI-SSD) - formation of chalcopyrite lamellae and 
digenite under oxic conditions  
At the initial stage of the reaction, bornite released Cu and Fe into the solution at pH 1 and 
predominantly Cu at pH 2, 3 and 5 which led to the topotactic nucleation of chalcopyrite lamellae 
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and digenite within the host bornite matrix (Figs. 3.8, 3.9). The chalcopyrite lamellae encapsulated 
by digenite within the host bornite (e.g. Figs. 3.4c, 3.4f, 3.6d-f) are result of fluid-induced solid-
state diffusion process rather than a result of dissolution-reprecipitation. The nucleation of 
chalcopyrite lamellae and digenite from bornite is facilitated by their structural similarities (Fig. 
3.9), as they all exhibit a cubic closed-packed framework of sulphur atoms (Fig. 2.15- Chapter 2).  
Metal vacancies could contribute to the ion exchange at the mineral surface by accelerating 
the diffusion of Cu+ and Fe3+ ions within bornite or out into the solution (Pesic and Olson, 1984). 
Thus, the reaction would be controlled by the relative diffusivities of Cu+ and Fe3+ ions in the 
bornite structure. The rapid electron transfer and the diffusion of Cu and Fe atoms through the 
static sulphur framework in the structure of Cu-sulphides is relatively rapid due to a small 
structural rearrangement (Fig. 2.15- Chapter 2) (Amcoff and Holenyi, 1996). This corroborates 
with the observed crystallographic continuity between chalcopyrite and digenite in hosting bornite 
(Fig. 3.9). The mobility of Cu and Fe as a reason for the exsolution of chalcopyrite from bornite 
solid solution have been reported elsewhere (Durazzo and Taylor, 1982). Similarly, the high 
mobility of  metals in the Au-Ag-Te minerals led to a solid-state transformation (Zhao et al., 2013).  
Exsolution lamellae were not detected in bornite under dry conditions (Fig. 2.13- Chapter 
2). The introduction of hydrothermal fluid generated the chemical potential gradient between the 
mineral and the fluid phase and induced the process of exsolution. This in turn facilitated 
compositional re-equilibration of the bornite matrix by solid-state diffusion and exsolution of 
chalcopyrite lamellae and digenite (Figs. 3.4, 3.6, 3.9-3.11). Therefore, protonation affects the 
exsolution of chalcopyrite lamellae (Fig. 3.4a-r). Similar phenomenon was observed during the 
replacement of bornite under anoxic conditions (Chapter 2). More recently, Hidalgo et al. (2020) 
observed the formation of Cu-enriched and Cu-deficient bornite lamellae within coherent bornite 
127 
 
by solid-state diffusion once copper dissolution exceeds 30% during the second stage of bornite 
transformation at 90 °C in the absence of oxidant (Hidalgo et al., 2020). The exsolution process 
observed in their study depends on fluid composition because no exsolution was observed in their 
dry experiments. Hidalgo et al. (2020) reported faster release of iron at the initial stage while an 
appreciable release of Cu commenced at the late stage of leaching. 
3.4.1.1. Effect of solution chemistry and time on the distribution and density of chalcopyrite 
lamellae 
From Chapter 2, it has been observed that cation diffusion is induced and affected by the 
presence and the chemical composition of the fluid phase. Therefore, the ability of the fluid phase 
in removing and accommodating Fe and Cu influences the rate of cation diffusion, and hence 
determines the size and number of chalcopyrite lamellae. The width and length of chalcopyrite 
lamellae from various experimental conditions are summarized in Table 3.3.   
The exsolution process at pH 1-3 was relatively faster than at pH 4-6 and affected the 
distribution and density of the chalcopyrite lamellae (Figs. 3.4, 3.5, 3.6; Table 3.3). The lower pH 
1-3 is likely to promote relatively fast removal of Fe and Cu from bornite surface to induce the 
exsolution process due to faster reaction kinetics resulting in the formation of pervasive but short-
lived chalcopyrite lamellae (Figs. 3.4j-r; Fig. 3.5; Table 3.3). Under higher pH 4-6 conditions, the 
removal of Cu and Fe from bornite surface is slower and the fewer chalcopyrite lamellae were 
long-lived due to the formation of a limited number of nuclei (Figs. 3.4a-i; Fig. 3.6; Table 3.3).  
3.4.2. Coupled dissolution-reprecipitation reactions (CDR) 
The characteristic features suggestive of CDR mechanism observed under oxic conditions 
are similar to those also observed under anoxic conditions. Mineral replacement reactions started 
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at the rim and along fractures of bornite grains. We observed the replacement of digenite by 
covellite and vice versa (Figs. 3.4l, 3.4q, 3.5i, 3.10), while chalcocite replaces digenite (Figs. 3.4r, 
3.5f). The precipitation of clusters of covellite in digenite along the rim and fractures of the grain 
(e.g. Figs. 3.4l, 3.10) is consistent with a coupled dissolution-reprecipitation mechanism (Putnis, 
2002; Putnis, 2009) which takes place by the continuous dissolution of digenite through the porous 
covellite. Therefore, the transformations between digenite and covellite is interpreted as a fluid-
mediated dissolution-reprecipitation reaction. Also, the product phase preserves the external shape 
of the parent bornite crystal. The absence of void between the parent and product suggests that 
dissolution rate of the parent phase is the rate-determining step during the replacement process. 
The coupling between dissolution and re-precipitation reactions is controlled by the dissolution of 
the parent material (Fernández-Díaz et al., 2009; González-Illanes et al., 2017; Pina, 2019; Zhao 
et al., 2014a). Altogether, the observed replacement textures are consistent with previously 
reported observations among Cu-(Fe)-sulphides (Cook et al., 2011; Halbach et al., 1998; Hatert, 
2005; Muszer et al., 2013; Schumer et al., 2019). 
For the dissolution-reprecipitation reactions, the formation of secondary phases, including 
covellite and chalcocite from digenite, is controlled by the relative solubilities of the parental 
mineral and daughter products, the difference in their molar volume, fluid composition, and 
saturation state. In addition, continuous progress of fluid-mediated replacement reactions requires 
the availability of open pathways for the transport of fluid and solutes to and from the reaction 
interface between the parent phase and the replacing phase (Nakamura and Watson, 2001; Putnis 
and Putnis, 2007; Putnis and Mezger, 2004). Replacement of digenite by covellite and chalcocite 
is accompanied by the formation of micrometre-scale pores (e.g., Figs. 3.4l, 3.4r, 3.5f, 3.10), 
characteristic for CDR mechanism.  
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In some cases, digenite replaced bornite and chalcopyrite along fractures filled by little or 
no secondary digenite (e.g. Figs. 3.5g, 3.6g), which implies that they formed at a later stage of the 
reaction. The reaction-generated porosity concentrates in the centre of the grains enveloped by less 
porous rim (e.g. Fig. 3.4r, 3.5f). This texture suggests the evolution of porosity.  
The precipitation of hematite (Fig. 3.1) at the rim and in porous areas within bornite grains 
(e.g. Figs. 3.4b, 3.4d, 3.4f), and as revealed by the Fe-map in Fig. 3.11 suggests that it formed as 
a result of the oxidative replacement of bornite. The layer of Fe-oxide have been observed on 
bornite surfaces during the oxidation of synthetic and natural bornite (Buckley et al., 1984; Losch 
and Monhemius, 1976), and during the oxidation of pyrite in aqueous solution (Buckley and 
Woods, 1987; Demoisson et al., 2007; Giannetti et al., 2001).  
3.4.3. Effects of temperature and pH on the kinetics, and mineralogical and textural 
evolution 
The transformation of bornite into secondary Cu-sulphides under oxic conditions is a 
relatively rapid process completed in few hours (8 h) at pH 1 and 160 °C (Fig. 3.1p), comparing 
with the control experiments under reducing conditions which took 768 h at pH 1 and 160 °C (Fig. 
2.2d- in Chapter 2). The observed relationships between pH, temperature and mineralogy, and 
textures suggest that: (i) a generally slower reaction rates under higher pH 4-6 comparing with low 
pH (at pH 1-3); and/or (ii) a change in the rate limiting step as a function of pH and temperature. 
3.4.3.1. Reasons for the non-Arrhenius temperature dependent bornite transformation rate at pH    
4-6 
Temperature increases the oxidation rate of sulphides because it influences the kinetics of 
the reaction (Chandra and Gerson, 2010). The observed increase in reaction rate with increasing 
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temperature at lower pH 1 to 3 corroborates with this fact (Fig. 3.3a-c). However, with pH increase 
to 4-6 the reaction rate decreases with temperature increase (Fig. 3.3d-f).  
In this study, the observed change in reaction rate is most likely attributed to the change in 
the rate-limiting step of the reaction with increasing temperature at higher pH 4-6. In coupled 
dissolution-reprecipitation reactions, the rate of reaction is controlled by the slowest of the three 
processes: dissolution, transport and precipitation (Kusebauch et al., 2018; Xia et al., 2009b). 
There is a non-Arrhenius behaviour of the equilibrium constants for bornite dissolution and for the 
overall reaction for the observed decrease in rate with temperature; if the final reaction product is 
digenite with hematite by-product (Figs. 3.12a, b). The equilibrium constants decrease with 
temperature in both cases. This implies that investigated mineral system will be closer to 
equilibrium at higher temperature and suggests that the observed reaction proceeding via 
dissolution-reprecipitation mechanism.   
In fluid-mediated reactions, it has been reported that variation of temperature propel 
changes in solution chemistry and in the degree of deviation from equilibrium with respect to the 
solids which may result in a change in dissolution and precipitation rates (Xia et al., 2009b). Xia 
et al. (2009b) observed non-Arrhenius kinetics behaviour at temperatures above 125 °C during the 
experimental replacement of pentlandite by violarite. The observed decrease in the reaction rate 





  a Cu5FeS4 + 12 H
+ + 7O2(aq) = 5Cu
2+ + Fe2+ + 4SO2(g) + 6H2O 
b Cu5FeS4 + 1.9722O2(aq) = 0.5556Cu9S5 + 0.5Fe2O3 + 1.2219SO2(g) 
Fig. 3.12. Plots of the logarithm of equilibrium constants (Log K) against temperature (T) for the 
reactions (a) bornite dissolution, and (b) overall reaction for the rate decreases with temperature; 
if the final reaction product is digenite with hematite byproduct. The equilibrium constants were 
obtained from Geochemist’s Workbench Student Edition 14.0 database. 
 
3.4.3.2. Why pH influences the product Cu-sulphide mineralogy? 
Mineralogical and textural analyses show significant differences in the abundance of Cu-
sulphides among the reaction products in the lower pH experiments relative to higher pH 
experiments. At pH 1, covellite is the main phase, while at higher pHs digenite is the main product 
phase (Figs. 3.1, 3.4-3.6). This is likely caused by the change in reaction mechanism, as indicated 
by different activation energies Ea and time exponent n shown in Table 3.4. The Ea value is 67.7 
kJ mol-1 for pH 1, increased to 157.9 kJ mol-1  for pH 2, and then decreased to 75.7 kJ mol-1 at pH 
3 (Figs. 3.7b,d,f; Table 3.4). The calculated time exponent n obtained in this study ranges from 
0.94-2.97 at pH 1, 0.25-0.36 at pH 2, and 0.23-0.42 at pH 3 (Figs. 3.7a,c,e; Table 3.4). Similar 
relationship has been reported for oxidation of pyrrhotite and pyrite (McKibben and Barnes, 1986; 
Nicholson et al., 1988; Nicholson and Scharer, 1994). For example, the activation energy (Ea) for 



























pyrrhotite oxidation doubles when pH was increased from 4 to 6 (Nicholson and Scharer, 1994). 
Likewise, for pyrite oxidation, Ea increased from 57 kJ mol
-1 at pH 2-4 to 90 kJ mol-1 at pH 7-8 
(McKibben and Barnes, 1986; Nicholson et al., 1988).  
One possiblity for the pH-dependent product mineralogy is that supersaturation index of 
Cu-sulphides is pH dependent. Unfortunatley, digenite solubility data is not available so this 
requires future studies to confirm. 
3.5. Geological implications 
The physico-chemical properties of minerals and textures are key to understand the origin 
and the formation conditions of rocks and larger geological units (Barton, 1970; Ramdohr, 1969). 
Therefore minerals form natural archives that store the information about pressure-temperature 
conditions of their formation, the chemical composition of the fluid from which they precipitated, 
time for millions of years (Aquilano et al., 2016; Barnes and Robertson, 2019; Rubatto, 2017; van 
Hinsberg et al., 2011). Due to changing conditions the minerals are unstable and replaced by new 
assemblages often producing new textures which identification give clues about the evolution of 
the studied geological system (Pearce et al., 2013; Putnis and John, 2010; Yardley, 1989).  
Like the anoxic conditions, the observed reaction textures (Figs. 3.4-3.6, 3.9-3.11) during 
the hydrothermal replacement of bornite under oxic conditions revealed that the complex reaction 
pathway involves an initial fluid-induced solid-state diffusion (FI-SSD) followed by coupled 
dissolution-reprecipitation (CDR) reactions (see Chapter 2). These two synergic reactions 
produced mineral assemblages and textures similar to those observed in samples from active 
hydrothermal vents where convecting seawater mixes with higher temperature fluids in fresh black 
smoker fragments from the East Pacific Rise (Haymon, 1983; Haymon and Kastner, 1981), at slow 
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spreading southern Mid-Atlantic Ridge (Haase et al., 2007), at Logatchev-1 Hydrothermal Field 
(Gablina et al., 2006), from sulphide chimneys in Indian Ocean (Halbach et al., 1998; Münch et 
al., 1999), as well as, from supergene Cu-system such as Gercus Basalt within Gercus formation, 
northern Iraq (Kettanah, 2019), from Cenozoic volcanic-hosted Kuh-Pang copper deposit, NW 
central Iran (Rajabpour et al., 2017b), sediment-hosted Cheshmeh-Konan redbed-type copper 
deposit, NW Iran (Rajabpour et al., 2017a), in Salobo IOCG deposit, Brazil (Henne et al., 2019), 
in copper sulphides at Vielsalm, Stavelot massif, Belgium (Hatert, 2005), at Western copper area, 
Morenci Mine, Arizona (Schumer et al., 2019), and in stratiform copper deposits of the coastal 
Cordillera of northern Chile (Kojima et al., 2003). 
The mineralogical evolution and the textures observed under reducing (Chapter 2) and 
oxidizing (this Chapter) conditions provide insights into the mechanisms, and mineralogical and 
textural evolution of bornite in ore deposits. The experiments (this Chapter) show that under higher 
pH 4-6 conditions bornite was relatively stable with few heterogeneously distributed domains of 
digenite and chalcopyrite lamellae (Figs. 3.4, 3.6). While pervasive dissolution of bornite and 
replacement by secondary Cu-sulphides and hematite were observed under acidic conditions (pH 
1-2) (Figs. 3.1m-r, 3.5). Grain boundaries and fractures promote alteration of bornite with 
chalcocite forming only under pH 1 and 180 °C (Figs. 3.1q, 3.10). The change in the pH of the 
fluid is a common feature in ore deposits, i.e., fluctuating level of water table in supergene 
environments to the telescoping intrusions of fluids in geothermal/epithermal settings or mixing 
of sea water and hydrothermal fluids in black smokers (e.g., Kojima et al., 2003; Sillitoe, 2005; 
Williams-Jones and Heinrich, 2005; Hardardottir et al., 2009, 2010; deMelo et al., 2017; Rajabpour 
et al., 2017b; Schlegel and Heinrich, 2015; Henne et al., 2019; Kettanah, 2019). In addition, the 
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oxidation rate of sulphides increases at lower pH (Acero et al., 2007; Bilenker et al., 2016; 
Bonnissel-Gissinger et al., 1998; Millero et al., 1987). 
Higher pH coditions (4-6) favour exsolution of chalcopyrite lamellae from bornite and can 
be related to the higher temperature processes of bornite alteration in the presence of hydrothermal 
fluid (Li et al., 2018). The formation of chalcopyrite at the edges of bornite grains documents 
reaction with hydrothermal fluid as reported for higher-temperature alteration in VMS deposits 
(Rajabpour et al., 2017b). The exsolution texture of chalcopyrite in natural samples are commonly 
observed and have been linked to solid-state diffusion (Ciobanu et al., 2017; Cook et al., 2011; 
Hatert, 2003; Schwartz, 1931, 1942), and are not interpreted to form due to fluid-induced solid-
state diffusion. Therefore, the interpretation of this texture must be done with utmost care. The 
works of Zhao et al. (2017) and Li et al. (2018) revealed that the rate of solid-state diffusion driven 
lamellae formation was enhanced by the fluids even under dry condition. In the case of Zhao et al. 
(2017) and Li et al. (2018), the initial porosity results from the formation of the parent bdss via 
CDR mechanism. However, in our case, in the absence of fluids, no lamellae formed in non-porous 
natural bornite. 
Replacement of bornite by digenite along the grain boundaries and fractures is one of the 
characteristic features during alteration at pH 3-4 (e.g. Fig. 3.6g). Similar pattern of alteration was 
observed during bacterially managed supergene alteration at Salobo IOCG deposit (Brazil) 
(deMelo et al., 2017; Hardardóttir et al., 2009; Henne et al., 2019). As per the observations at pH 
3, the alteration results in progressive development of porosity in the areas altered to Cu-sulphides 
(Figs. 3.4k, 3.4l).   
 The mineral textures produced at pH 1-2 are strikingly different, with complete 
replacement of bornite by covellite, chalcocite and digenite (Fig. 3.4). The observed preservation 
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of the extermal shapes of bornite grains by Cu-sulphides corroborates with the  reported volume-
to-volume replacement of bornite by chalcocite along external contacts, internal fractures and 
cleavage planes during supergene alteration of Cu ore deposits (Rajabpour et al., 2017b; Schlegel 
and Heinrich, 2015; Sillitoe, 2005). Chalcocite-rich zone dominates the main enriched zone with 
covellite prevailing downwards with lower Cu grades. Bornite is a minor mineral precipitating 
during formation of hydrothermal vents, and its precipitation is ceased due to boiling (Hardardóttir 
et al., 2009). In some cases, bladed covellite may form on the surface of bornite+galena+sphalerite 
as a result of supersaturation and precipitation far from equilibrium during quenching < 157 °C 
(Hardardóttir et al., 2010). The observed layer of covellite formed on bornite at pH 1 (Fig. 3.5) 
progressively grow with time at the expense of bornite and rather documents replacement reaction. 
It is important to stress that replacement of bornite by covellite and chalcocite can happen in the 
stability field of hematite as in the Prominent Hill IOCG deposit, SA (Schlegel and Heinrich, 
2015). Therefore, only the textural relationship between these three minerals will provide 
information about the onset of oxidizing conditions represented by late hematite (Fig. 3.4).  
Hematite formed at the rims and in porous areas of the grains under all experimental 
conditions; favorably under the lower pH conditions which corroborates with the alteration of Fe-
bearing sulphides, including bornite, under oxidizing conditions of supergene ore deposits. In 
addition, under lower temperature conditions Cu-rich goethite pseudomorphically replaces bornite 
(Sillitoe, 2005). The precipitation of hematite is localized (e.g. Figs. 3.4b, 3.4d, 3.6d) and usually 
starts in the areas previously altered to Cu-sulphides as observed during supergene enrichment of 
volcanic hosted Kuh-Pang Cu deposit at pH < 5. The involvement of oxidizing fluids of meteoric 
origin has been confirmed by sulphur isotope analyses (Rajabpour et al., 2017b). 
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This work revealed that pH of the fluid, i.e., chemical composition, controls the rate of 
bornite dissolution and replacement by secondary products under oxidizing conditions (Figs. 3.1, 
3.4). The documented mineralogical and textural differences can be utilized as one of the 
paleoproxies of the pH of the fluids responsible for the alteration of deep-sea copper minerals and 
remobilization of metals in ore deposits. The kinetic barriers for the nucleation of exsolved phases 
were lowered in the presence of fluids, resulting in high rates of cation diffusion at geologically 
low temperatures.  
3.6. Conclusions 
The interplay between fluid-induced solid-state diffusion (FI-SSD) and coupled 
dissolution-reprecipitation (CDR) reaction control the alteration of bornite under oxidizing and 
reducing conditions (see Chapter 2). During the first stages, the exsolution process leads to the 
topotactic orientation of chalcopyrite lamellae and digenite in bornite structure which is facilitated 
by structural similarities. The presence of the fluid imposes chemical gradient between bornite, 
and the fluid phase and the transport of the elements is enabled by fast diffusion of Cu and Fe or 
predominantly Cu in static sulphur framework. The life-span of the chalcopyrite lamellae is pH 
dependent: (i) short-lived homogeneously distributed lamellae at pH 1-3 (e.g. <2 h at pH 1 and 
200 °C); and (ii) long-lived sparsely distributed at pH 4-6 (up to 1008 h at pH 6).   
Contemporaneously with FI-SSD, digenite replaces chalcopyrite, covellite replaces 
digenite, and chalcocite replaces digenite via CDR reaction progressing from the rim and along 
fractures to the core. It is characterized by sharp reaction interface and chemical boundary between 
parent and product phases. No void was detected between the parent and the product. The 
preservation of the external shape of the mineral point to the pseudomorphism. The availability of 
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open pathways (porosity) played a key role in sustaining the progress of the reaction. The 
formation of secondary phases during CDR was controlled by the relative solubilities of the 
parental mineral and daughter products, the difference in their molar volume, fluid composition, 
and saturation state.  
Temperature and pH have a profound effect on the kinetics, and mineralogical and textural 
evolution of bornite. This work revealed that the reaction rate firstly increases with increasing 
temperature at pH 1-3 as a consequence of increase in sulphide oxidation rate with temperature 
(Chandra and Gerson, 2010). The subsequent decrease in the reaction rate with temperature 
increase at pH 4-6 is attributed to the change in the rate-limiting step of the reaction, which is 
related to equilibrium constant decrease with increasing temperature as dissolution is the rate-
limiting step. The influence of pH on the product Cu-sulphides mineralogy is linked to a change 
in the reaction mechanism. 
The experimentally derived mineral assemblages and textures observed under reducing 
(Chapter 2) and oxidizing (this Chapter) conditions reflect those observed in Cu ore deposits 
(deMelo et al., 2017; Hardardóttir et al., 2009; Henne et al., 2019; Rajabpour et al., 2017b; Schlegel 
and Heinrich, 2015; Sillitoe, 2005). Thus, our results decipher the key reaction mechanisms (i.e. 
FI-SSD and CDR) and can be utilized as paleoproxies of the pH of the fluids responsible for the 





Chapter 4: Porosity Formation and Evolution during Hydrothermal Mineral-
fluid Reactions: A Combined USANS/SANS and Textural Study of the 
Replacement of Bornite 
Abstract 
Porosity generation is a common feature of mineral-fluid reactions and it contributes to the 
formation of orebodies by providing efficient pathways for pervasive hydrothermal fluids to move 
within the Earth’s Crust. However, such reaction-induced porosity is dynamic and its evolution 
during and after mineral-fluid reactions is still poorly understood. Here the study focused on 
porosity evolution during the hydrothermal replacement of bornite (Cu5FeS4) by secondary copper 
sulphide minerals using combined (ultra) small-angle neutron scattering (USANS/SANS) 
measurements and microscopic textural examinations. Bornite before and after mineral 
replacement reactions under oxic and anoxic hydrothermal conditions (180/200 °C, pH 1) for 
various reaction durations (up to 60 days) were measured by USANS/SANS under both dry 
conditions and after filling the open pores with contrast matching D2O-H2O fluid. This enabled 
the quantification of total porosity (dry measurements), closed porosity (contrast-matched 
measurements), open porosity (total minus closed) and pore size distributions. The reaction created 
pores in the product phases, and all samples contained pores with very broad size distributions 
from nano to micrometre. Nearly all small pores (<20 nm) were closed while larger pores were 
mostly open. The initially porous bornite was replaced with less porous secondary copper sulphide 
minerals. Once partially reacted, porosity dropped, but with the progressive replacement, porosity 
increased again, reaching a maximum at complete replacement, and then slowly dropped again, 
showing porosity creation during the replacement and evolution after the replacement reaction. At 
longer annealing times (1440 h), the abundance of small pores (<50 nm) decreased while larger 
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pores increased, suggesting the coarsening of small pores as the alteration advances and porosity 




















Rock porosity refers to the void spaces or fluid phase between mineral grains in a rock. It 
is measured as a percentage of the total volume (Putnis, 2015). Porosity can lead to permeability 
which is the measure of the ease of flow of a fluid through a porous media. In geological processes, 
rock and mineral porosity provide the required pathway for the migration of hydrothermal fluids. 
As a consequence, fluid-rock interactions along the way can cause rock alteration, mineral 
replacement, chemical weathering, and ore deposition (e.g. Jamtveit et al., 2011; Oliver et al., 
2004; Putnis and Austrheim, 2010; Weber et al., 2019).  
A major source of mineral porosity is the fluid-driven mineral replacement reactions, where 
primary minerals are replaced by product minerals in the presence of an aqueous fluid phase, 
following the coupled dissolution-reprecipitation mechanism (Putnis, 2009). The dissolution of 
primary minerals and the precipitation of product minerals are coupled at the reaction front, leading 
to the preservation of the shape of mineral grains, a phenomenon called pseudomorphism (Putnis, 
2002; Putnis and Putnis, 2007; Putnis et al., 2005). In pseudomorphic mineral replacement 
reactions, if the molar volume of the product phase is smaller than that of the parent phase, then 
some porosity will be generated in the product phase. Also, based on thermodynamics, the more 
stable product phase will have a lower solubility than the metastable primary phase, resulting in 
more dissolution of the primary mineral than the precipitated product mineral, generating porosity 
in the product phase (Putnis and Putnis, 2007). Such reaction-induced porosity is crucial for the 
progress of the replacement as it provide necessary pathways for mass transfer between the fluids 
and the reaction front (Jonas et al., 2014; Pedrosa et al., 2016b; Pina, 2019; Raufaste et al., 2011).  
Reaction-induced porosity is dynamic and can be a transient feature because porosity adds 
free energy to a system, and minimizing free energy requires the reduction of surface area by 
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porosity coarsening. For example, during the replacement of KBr by KCl porosity evolution was 
observed from small to large sizes and finally porosity in certain regions of the KCl crystal is 
annealed out within a few months’ time (Putnis et al., 2005). On the other hand, porosity may 
survive over geological time such as in the re-equilibration of feldspars, zircons and monazite 
(Geisler et al., 2007; Hetherington and Harlov, 2008; Parsons and Lee, 2009). The dynamics of 
porosity creation and evolution during mineral replacement reactions are not well understood. 
Particularly, little studies have been dedicated to the quantitative evolution of pore size and pore 
accessibility during and after the mineral replacement processes. 
Small angle neutron scattering (SANS) and ultra-small angle neutron scattering (USANS) 
are non-destructive tools for characterizing porosity. Unlike mercury intrusion and gas adsorption 
techniques which both measure only open pores, USANS/SANS has the capability to reveal 
information about both open and closed pores (Bahadur et al., 2018; Madani et al., 2018; Ruppert 
et al., 2013; Sakurovs et al., 2018; Xia et al., 2014), and covers a wider size range from nano to 
micrometres (Xia et al., 2014). Because geological materials often contain pores of wide size 
range, USANS/SANS has been applied in measuring porosity in rocks (Anovitz et al., 2013; 
Anovitz et al., 2009; Bahadur et al., 2015; Bahadur et al., 2018; Machek et al., 2018; Radliński et 
al., 2000; Ruppert et al., 2013), coals and cokes (Antxustegi et al., 1998; Melnichenko et al., 2012; 
Sakurovs et al., 2012; Sakurovs et al., 2018), and minerals (Xia et al., 2014; Weber et al., 2019).  
In this chapter, the main aim is to gain insights of porosity creation during mineral 
replacement reactions and porosity evolution after the replacement reactions. In the previous 
chapters, the mechanisms and kinetics of the hydrothermal replacement of bornite by copper 
sulphides under anoxic and oxic conditions have been studied. This chapter will use this reaction 
as the model system to study mineral porosity. By combining USANS/SANS and scanning 
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electron microscopy, we obtained quantitative pore size distribution, total porosity, and open and 
closed pore data as a function of time.  
4.2. Experimental method 
4.2.1. Samples preparation 
A natural bornite sample from the Moonta mines, South Australia, was used as starting 
material for hydrothermal mineral replacement experiments. The structure and composition of the 
bornite sample is presented in Chapter 2. The bornite sample was crushed and sieved to a 38-53 
µm size fraction for the hydrothermal experiments. 
Hydrothermal mineral replacement experiments were carried out in 25 mL 
polytetrafluoroethylene (PTFE) lined stainless steel autoclaves. Two sets of samples were 
prepared, under oxic and anoxic conditions, respectively. For each oxic experiment, 130±0.1 mg 
bornite and 7 mL pH 1 solution was loaded into the reactor in a glove box filled with oxygen. For 
each anoxic experiment, 100±0.1 mg bornite and 17.5 mL pH 1 solution was loaded into the reactor 
in a glove box filled with nitrogen. The tightly sealed autoclaves were transferred into pre-heated 
electric ovens at either 180 °C (for oxic experiments) or 200 °C (for anoxic experiments). After 
reacting for up to 1440 h, the autoclaves were quenched in a large volume of cold water for 30 
min. Then, each autoclave was opened, and the recovered solid product was rinsed three times 
with de-ionized water and one time with acetone and then left to dry at room temperature. All 
experiments were repeated in multiple reactors and the solid product from same reaction conditions 
were homogeneously mixed to produce enough sample for USANS/SANS characterization. The 




Table 4.1. Summary of reaction conditions and the phase abundance of the products. 
Run label Temp (°C) Time (h) Atm.# ∆m (%)ǂ Products (wt.%)ϯ 
Oxic_2h 180 2 O2 -15.6 bn(41)ccp(13)cv(4)dg(26) 
Oxic_10h 180 10 O2 -19.4 ccp(19)cv(11)dg(51) 
Oxic_72h 180 72 O2 -33.4 cv(18)dg(12)cc(37) 
Oxic_240h 180 240 O2 -33.0 dg(29)cc(39) 
Oxic_720h 180 720 O2 -35.2 dg(29)cc(36) 
Oxic_1440h 180 1440 O2 -29.6 dg(28)cc(42) 
Anoxic_10h 200 10 N2 -22.2 ccp(16)cv(9)dg(53) 
Anoxic_72h 200 72 N2 -25.2 cv(16)dg(59) 
Anoxic_240h 200 240 N2 -24.9 cv(18)dg(57) 
Anoxic_720h 200 720 N2 -29.7 cv(20)dg(50) 
Anoxic_1440h 200 1440 N2 -26.9 cv(22)dg(51) 
ǂ Percentage change in mass.  
#Atmosphere, O2 - oxygen atmosphere, N2 - nitrogen atmosphere. 
ϯAbsolute weight percentage of the mineral phase(s) in the reaction products. 
Mineral abbreviations: bn = bornite; ccp = chalcopyrite; dg = digenite; cv = covellite, cc = chalcocite. 
4.2.2.  PXRD and SEM characterisation 
The methodological procedures for powder X-ray diffraction (PXRD) and quantitative 
phase analyses (QPA), and optical and electron microscopy are provided in Chapter 2. A TESCAN 
CLARA FESEM instrument operated at either 10 or 15 keV was used for obtaining BSE images 
of the representative samples.  
The changes in the weight before and after the replacement reactions were recorded and 
was used in combination with the results from the QPA analysis to infer whether the reaction 
proceeds by gaining constitutes from solution or by removing constitutes from bornite. This also 
gave a rough estimate of the replacement extent. 
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4.2.3. USANS/SANS sample loading and data collection 
The powdered samples were loaded into 0 mm-thick demountable sealed cells. A typical 
cell consists of a metal framework, two identical quartz windows having a diameter of 25.4 mm 
and 1.70 mm thick, and one-sided sticky tape spacer ring (ID 20 mm, OD 25 mm, and thickness 
~180 µm). The method used in this study for loading the powdered mineral samples is very similar 
to the procedure established by Xia et al., 2014 except for few modifications.  
During the initial stage of the sample loading, the weight and thickness of the two quartz 
windows without and with spacer were measured with a weighing balance and micrometer, 
respectively. Thereafter, an appropriate quantity of the powdered sample was evenly spread within 
the spacer/ring to form a flat disk, and then the second quartz window was placed on top of the 
sample and closely packed.  
After sample packing, the weight and thickness of the two quartz windows with the spacer 
and sample were measured. The thickness of the sample was accurately obtained by subtracting 
the thickness of the two quartz windows with spacer and sample from the thickness of the two 
quartz windows, while the weight was established by subtracting the weight of the two quartz 
windows with spacer and sample from the weight of both the two quartz windows and spacer. The 
measured thicknesses are in the range of 176-258 µm (Table 4.2), which is thin enough to avoid 
multiple scattering and thick enough to sustain sufficient scattering power. The loaded quartz 
windows with sample were assembled into the metallic framework of the cell, and finally loaded 
vertically onto the cell holders at the sample position of the Quokka SANS or Kookaburra USANS 
instrument for in air measurement (dry condition). Thereafter, the loaded sample cells were 
measured again filling contrast matching D2O/H2O fluid mixture (contrast-matched condition) 
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under vacuum. Mixtures of D2O/H2O (60:40 and 65:35 %) were prepared to match the scattering 
length density (SLD) of the samples. 
The SANS measurements of the samples were conducted on the 40 m pinhole Quokka 
SANS instrument at the OPAL reactor of the Australian Nuclear Science and Technology 
Organisation (ANSTO), Lucas Heights, NSW, Australia (Gilbert et al., 2006; Wood et al., 2018). 
Three sample-to-detector distances (1.3, 12 and 20 m) were used with the incident wavelength λ 
= 5 Å at 1.3 and 12 m, and λ = 8.1 Å at 20 m, giving a q-range of 0.0007 to 0.74 Å-1. A sample 
aperture size of 12.5 mm in diameter was used. USANS measurements were also carried out at 
ANSTO with the quintuple-bounce perfect silicon crystal Kookaburra USANS instrument (Rehm 
et al., 2013) using a wavelength of 4.74 Å with a q-range of 2.78 × 10-5 Å-1 to 0.005 Å-1 and a 
sample aperture size of 14.5 mm in diameter.  
Since the SANS data of all measured samples are isotropic, the 1-D scattering patterns 
were obtained by radial averaging of the 2D raw data. The SANS data were then corrected and 
calibrated to the absolute scale by comparison with the empty beam flux using a package of macros 
in Igor software (Wavemetric, Lake Oswego, Oregon, USA). The slit smeared USANS data was 
corrected by a de-smearing process (Schmidt and Hight, 1960; Schmidt, 1965), and the normalized 
data were merged with the absolute calibrated SANS data. The integrated USANS/SANS curves 





























USANS SANS Open Closed Total 
Bornite 
In air 
229 3.62700 2.419 
0.39 0.0182 2.691 2.218 
11.56 1.9 13.46 
In D2O/H2O 0.07 0.1652 2.149 2.420 
Oxic_2h 
In air 
222 3.62811 2.179 
0.31 0.0167 2.158 2.376 
7.05 0.9 7.95 
In D2O/H2O 0.09 0.1481 2.483 2.682 
Oxic_10h 
In air 
206 3.64423 2.426 
0.36 0.0169 2.623 2.287 
8.84 0.96 9.8 
In D2O/H2O 0.13 0.1967 2.678 2.745 
Oxic_72h 
In air 
176 3.69173 2.478 
0.85 0.0185 2.801 2.364 
12.72 0.85 13.57 
In D2O/H2O 0.14 0.2650 2.003 2.651 
Oxic_240h 
In air 
189 3.90535 1.718 
1.46 0.0138 3.251 2.295 
14.14 1.89 16.03 
In D2O/H2O 0.08 0.2142 2.000 2.693 
Oxic_720h 
In air 
181 3.90587 1.636 
1.04 0.0194 3.154 2.000 
13.61 0.9 14.51 
In D2O/H2O 0.10 0.2054 2.032 2.691 
Oxic_1440h 
In air 
258 3.90487 1.518 
1.05 0.0104 3.271 2.000 
13.19 0.38 13.57 
In D2O/H2O 0.05 0.2101 2.000 2.791 
Anoxic_10h 
In air 
203 3.68216 2.305 
0.31 0.0187 2.148 2.119 
4.59 2.85 7.44 
In D2O/H2O 0.12 0.1541 2.360 2.466 
Anoxic_72h 
In air 
212 3.74777 2.192 
0.36 0.0138 2.393 2.241 
14.51 3.04 17.55 
In D2O/H2O 0.14 0.1586 2.397 2.248 
Anoxic_240h 
In air 
183 3.72482 2.296 
0.39 0.0176 2.392 2.185 
12.19 2.41 14.6 
In D2O/H2O 0.12 0.1768 2.197 2.399 
Anoxic_720h 
In air 
196 3.68508 2.127 
0.42 0.0132 2.445 2.199 
6.98 3.16 10.14 
In D2O/H2O 0.16 0.1583 2.678 2.346 
Anoxic_1440h 
In air 
207 3.67373 2.122 
0.31 0.0190 2.266 2.105 
9.26 1.67 10.93 In D2O/H2O 
0.09 0.1800 2.078 2.291 
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4.2.4. USANS/SANS data analysis  
After data reduction based on the instrument design and setup, data analysis was carried 
out to obtain porosity information from the samples. The data fitting and analysis were done with 
the Irena (v2.68) macros within the commercial Igor Pro application (v8.03) (Ilavsky and Jemian, 
2009). The samples were carefully prepared in such a way that their thicknesses were optimized 
to minimize multiple scattering, which significantly made the interpretation of the acquired data 
easier. From the analysis, information about pore size distribution, pore volume ratio, porosity 
(open, closed and total pore), surface fractal dimension, and specific surface area were obtained. 
A brief summary of the theory behind the data analysis is provided below; 
In small angle scattering, the scattering intensity I is expressed as a function of wave vector 
transfer Q, which is written as, 






)          (4.1) 
where π is a constant (22/7), 𝜆 is the neutron wavelength and θ is the scattering angle (Garvey et 
al., 2013). The Irena modelling tool calculates the intensity of small-angle scattering (SAS) from 
particles in multiple populations of scatterers. In several cases, a power law, in which scattering 
intensity is proportional to a negative power of Q, can be used to model the scattering curves 
(Guinier and Fournet, 1955; Radlinski, 2006), 
I(q) = AQ–α + B           (4.2) 
The power exponent α is the slope of a log-log plot of the data, while A is a contrast-dependent 
constant, and B is the contribution from incoherent scattering.  
The geometry of the scatterer can be derived from the power exponent α (Schmidt, 1991). 
For example, a α = 1 suggest a thin rod or filament, α = 2 indicates thin platelet or surface, α = 
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1.67 and 2 < α < 3 are characteristics of mass fractal systems, 3 ≤ α < 4 denotes a surface fractal 
structures, and 4 < α < 5 are typical of a non-fractal “fuzzy” interfaces with a monotonically 
varying scattering length density between two phases (Anovitz et al., 2009). If an interface give 
rise to α = 4 (i.e. when Ds= 2), Equation 4.2 becomes the Porod law (Porod, 1951), which is applied 
to three-dimensional objects with a sharp, well-defined surface. For 3 ≤ α < 4, the surface fractal 
dimension Ds can be calculated, Ds = 6 – α. 
The volume fraction occupied by the pores φ (porosity) can be determined from the 
scattering invariant Y, which represents the total scattering power of the sample and is evaluated 
by integrating the observed intensity I(Q) over the whole reciprocal space (Porod, 1952), 
Y ≡ ∫ 𝑄2𝐼(𝑄)𝑑𝑄 =
∞
0
2𝜋2(∆𝜌)2𝜑(1 − 𝜑)                       (4.3) 
To minimize the contribution from inter-particular pore volumes due to close packing of 
powder samples, care was taken in Q-range selection for size distribution model. For example, for 
particle size range 38–53 µm, the smallest inter-particular pore diameter is around ~8 µm (Q = 
7.47 × 10–5 Å–1) assuming close packing of spheres. So, data points Q = 7.47 × 10–5 Å–1 were 
excluded in the size distribution model and pores greater than ~8 µm in diameter are not considered 
in the calculation.  
The size distributions of the samples were modelled using the maximum entropy method 
which was initially developed by Potton and co-workers (Potton et al., 1988a, 1988b), and later 
further modified by Jemian and co-workers (Jemian et al., 1991). This method relies on the 
maximum entropy engine of Skilling and Bryan (Bryan, 1990; Bryan and Skilling, 1980; Bryan 
and Skilling, 1986; Skilling and Bryan, 1984). This approach is based on a constrained 
optimization of parameters which solve the scattering equation and is expressed as, 
I(Q) = (∆𝜌)2 ∑ 𝐹(𝑄, 𝑟)2 𝑉2 (𝑟)  𝑁𝑃(𝑟)𝑑𝑟                     (4.4) 
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where F(Q,r) is the scattering form factor, V(r) is the volume of a particle of diameter r, N is the 
total number of scattering particles, and P(r) is the unknown probability distribution of particle 
sizes, and (∆𝜌)2 is the scattering contrast, which is the square of the difference in scattering length 
density 𝜌 between the solid mineral phase and the pore (~0 for air). 𝜌 can be calculated from the 
chemical composition and phase density, 
𝜌 =  𝑁𝐴𝑑 ∑ 𝑠𝑖𝑏𝑖𝑖  / ∑ 𝑠𝑖𝑀𝑖𝑖                                           (4.5) 
where NA is Avogadro’s constant, d is the phase density, si is the proportion by number of nuclei i 
in the mineral, Mi is its atomic mass, and bi is the coherent scattering amplitude for nucleus i. The 
calculated 𝜌 of the mineral samples are listed in Table 4.2. 
Here a data binning and interpolation process was applied to the original data and the 
processed data was used for size distribution fitting. This is because the original data points are 
very unevenly spaced due to limited USANS data points. The processed data after binning consists 
of 300 evenly spaced (log-scale) points better suited for the mathematical model used in the size 
distribution fitting. A spherical form factor was assumed, and the fitting method minimized chi-
square while maximizing the configurational entropy of the size distribution. Log-normal size 
distribution was obtained by fitting the scattering calculated from the trial distributions to the data.  
The specific surface area per unit volume Sv was calculated from size distribution data. The 
specific surface area per unit mass Sm was then calculated by dividing Sv by the packing density 
dp, 
𝑆𝑚 =  
𝑆𝑣
𝑑𝑝
            (4.6)  





4.3. Results and discussions 
4.3.1. Starting bornite 
The PXRD pattern and the SEM image shows that the starting bornite is pure as no other 
phases were detected (Figs. 4.1; 4.2a, b). Pore size distributions (Fig. 4.2d) revealed that the 
starting bornite is porous. The total porosity of the bornite is 13.46%, including 11.56% open pores 
and 1.9% closed pores (Table 4.2). The observed porosity may be quite abundant along few µm-
scale fractures or cracks in bornite (e.g. Fig. 4.2a, b). Nearly all pores of <20 nm were closed, 
pores ranging from 20 nm to 100 nm were partly closed, while the bulk of the remaining pores 
>100 nm which are centred around 1 µm are open (Fig. 4.2d, e). The size distribution (Fig. 4.2d) 
shows a large proportion of large pores (>100 nm), which results in a very low specific surface 
area, 0.39 m2/g for all pores and 0.07 m2/g for closed pores (Table 4.2). The starting bornite have 
surface fractal features and the surface fractal dimension Ds is in the range 2.149-2.691 (Table 4.2). 
The difference between the total pores and closed pores lies in that the closed pores tend to be 
smoother in the small size range (higher Ds value in the SANS region), but rougher in the large 




Fig. 4.1. PXRD patterns and the corresponding quantitative phase analyses showing the change in 
phase abundance (in absolute wt.%) during the replacement of bornite over reaction time at (a) 
180 °C, oxic condition in pH 1 HCl+KCl buffer, and (b) 200 °C, anoxic condition in pH 1 
HCl+KCl buffer. bn = bornite; dg = digenite; ccp = chalcopyrite; cv = covellite.  
 
Fig. 4.2. (a, b) BSE images of the unreacted bornite; (c) Combined USANS/SANS curves; (d) 
Volume distribution (1/Å) of pore diameter size (Å) extracted from USANS/SANS curves; and (e) 





4.3.2. The evolution of mineralogy, sample texture, and porosity in reacted samples from 
oxic conditions 
Under oxic condition, partial to complete replacement of bornite was observed depending 
on the reaction time (Figs. 4.1a, 4.3-BSE images). Fig. 4.3 shows the BSE images and the 
combined USANS/SANS results from the six reacted samples under oxic conditions.  
 
Fig. 4.3. (a1, a2, b1, b2, c1, c2, d1, d2, e1, e2, f1, f2) BSE images of the replaced samples; (a3, 
b3, c3, d3, e3, f3) Combined USANS/SANS curves; (a4, b4, c4, d4, e4, f4) Volume distribution 
(1/Å) of pore diameter size (Å) extracted from USANS/SANS curves; and (a5, b5, c5, d5, e5, f5) 





In general, the external shape of the initial bornite grains were preserved during the 
replacement reactions (Figs. 4.3a1, b1, c1, d1, e1, f1). The reaction products consist of 
chalcopyrite, chalcocite, digenite and covellite (Figs. 4.1a, 4.3-BSE images). Mass loss firstly 
increases slightly, from 15.6% at t = 2 h, 19.4% at t = 10 h, 33.4% at t = 72 h, 33% at t = 240 to 
35.2% at t = 720 h. Thereafter, mass loss decreases slightly to 29.6% at t = 1440 h (Fig. 4.1a; Table 
4.1). The bornite amount decreases from 41% at t = 2 h and was completely replaced at t = 10 h 
(Fig. 4.1a; Table 4.1). 
A comparison of the combined USANS/SANS curves under both the dry and contrast-
matched conditions for all the reacted samples (Figs. 4.3a3, b3, c3, d3, e3, f3) revealed that the 
scattering intensities of the contrast-matched samples are lower in the Q range 2.54 × 10-5 – 0.10 
Å-1 due to scattering from closed pores only, but higher in the Q range 1.84 × 10-5 – 0.03 Å-1 due 
to incoherent scattering from hydrogen atoms. The flat tail region for all the samples are similar, 
with Q ~ 0.20 Å-1 for dry, and Q ~ 0.02 Å-1 for contrast-matched condition samples (Figs. 4.3a3, 
b3, c3, d3, e3, f3). The estimated incoherent background is shown in Table 4.2. 
After 2 h of reaction, non-porous chalcopyrite lamellae and digenite formed in bornite, 
followed by the replacement of digenite by covellite along the rim of the grain (Figs. 4.1a; 4.3a1, 
a2). The bornite component constitutes about 41 wt.%, with the product phases of chalcopyrite (13 
wt.%), digenite (26 wt.%) and covellite (4 wt.%) (Fig. 4.1a; Table 4.1). The chalcopyrite lamellae 
are 2.99 µm long (0.86-8.55 µm, ẟ= 2.08) and 0.5 µm wide (0.12-1.23 µm, ẟ= 0.32) (Figs. 4.3a1, 
a2). Like the starting bornite, nearly all pores <20 nm were closed, pores ranging from 20 nm to 
100 nm were partly closed, while pores >100 nm which are centred at around 1 µm are largely 
open (Figs. 4.2d; 4.3a4; 4.3a5). In contrast to the starting bornite, there is an overall decrease in 
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the volume distribution of pores (Figs. 4.2d; 4.3a4). The observed µm-scale porosity from 
USANS/SANS pore size distribution suggests that these pore sizes may be quite abundant along 
fractures or cracks in the bornite. 
After 10 h of reaction, bornite has completely reacted and the product consists of 
chalcopyrite (19 wt.%), digenite (51 wt.%) and covellite (11 wt.%) (Figs. 4.1a; 4.3b1, b2; Table 
4.1). The formed covellite replaces digenite along the rim (Fig. 4.3b1). The chalcopyrite lamellae 
still show no observable pores but grew longer to 3.82 µm (0.62-14.36 µm, ẟ= 3.42) and wider to 
0.65 µm (0.17-1.52 µm, ẟ= 0.4) (Figs. 4.3b1, b2). This mineralogical and textural evolution led to 
an increase in the volume distribution of mostly closed nanopores (centred around 20 nm) and 
partly closed mesopores (>20-400 nm). Compared to 2 h, pores ranging from 100-400 nm tend to 
have a broader portion, while macropores >600 nm has a narrower portion and are mostly open 
(Fig. 4.3b4, b5). When all pores are considered together, there are many more pores in the size 
range 20-400 nm than at pore sizes >600 nm (Fig. 4.3b4).  
After 72 h of reaction, chalcopyrite disappeared, while chalcocite started forming. The 
product consists essentially of copper sulphides covellite (18 wt.%), digenite (12 wt.%) and 
chalcocite (37 wt.%) (Fig. 4.1a; 4.3c1, c2; Table 4.1), which are all bluish in colour under the 
optical microscope. Chalcocite is intergrown with digenite and most likely replaces digenite and 
are not easily distinguishable from digenite unlike covellite. The marked increase in covellite 
abundance to 18 wt.% suggests the progressive replacement of digenite by covellite (Fig. 4.1a; 
Table 4.1). At this stage, a distinctly different porosity structure appeared, with the observable 
pores exclusively within the covellite+digenite+chalcocite assemblage (Figs. 4.3c1, c2). The 
microscopic sample texture shows a quite similar pore size range as compared to USANS/SANS 
(Figs. 4.3c1, c2). Relatively to 10 h, USANS/SANS results revealed that the volume distribution 
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of nanopores (centred around 20 nm) and mesopores (>20-400 nm) increases further, while the 
percentage of macropores > 600 nm decreased (Fig. 4.3c4). Large proportion of the pores also 
belongs to the 20-400 nm size range. The open/total porosity plot (Fig. 4.3c5) revealed that the 
pores are largely open over the pore size range.  
After 240 h of reaction, the reaction progressed further, and covellite disappeared, with the 
reaction products consisting of a combination of copper sulphides-digenite (29 wt.%) which is 
being replaced by chalcocite (39 wt.%) (Figs. 4.1a; 4.3d1, d2; Table 4.1). SEM image revealed the 
formation of a coarse internal porosity within the digenite+chalcocite product, and traces of 
healing of exterior microporosity around the rim region (Fig. 4.3d1). Compared to 72 h, the volume 
distribution of nanopores centred around 20 nm decreased appreciably further suggesting the 
coarsening and/or healing of nanopores, while the volume distribution of pores >20 nm largely 
increased (Fig. 4.3d4). Also, new pores ranging between 600 nm to 1 µm were formed, while the 
abundance of macropores (>1 µm) decreased (Fig. 4.3d4). The pores are mostly open across the 
pore sizes (Fig. 4.3d5).  
After 720 h of reaction, the product consists of porous digenite (29 wt.%) and chalcocite 
(36 wt.%) (Figs. 4.1a; 4.3e1, e2; Table 4.1). SEM image revealed the presence of large pores within 
the grain and a denser rim region (Fig. 4.3e2). In contrast to 240 h, pore size distribution curve 
indicates an overall decrease in the volume distribution for pores <600 nm, and large proportion 
of the pores are centred at 250 nm. For pores centred at 1 µm, the volume distribution and 
abundance of pores experienced minimal change and are mainly open (Fig. 4.3e4, e5).  
After 1440 h of reaction, the reaction products consist of the two phases-digenite (28 wt.%) 
and chalcocite (42 wt.%) (Fig. 4.1a; Table 4.1). As opposed to 720 h, pore size distribution curve 
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shows a decrease in the volume distribution of pores ranging between >20-100 nm suggesting the 
coarsening of small pores, while the volume distribution of pores centred around 250 nm increases 
accounting for large proportion of the pores. The macropores mostly centred at 1 µm did not 
change appreciably and are still mainly open (Fig. 4.3f4, f5).  
The volume percentage of the three types of pores calculated from USANS/SANS for each 
sample are presented in Table 4.2 and are depicted by Fig. 4.4. The porosity data (Fig. 4.4) firstly 
indicate decrease in total porosity from 13.46% for unreacted bornite to 7.95% at t= 2 h and 9.8% 
at t = 10 h (Fig. 4.4a; Table 4.2). As the reaction progresses, total porosity slightly increased for 
all remaining measurements in comparison to the unreacted bornite: 13.57% at t = 72 h, 16.03% 
at t = 240 h, 14.51% at t = 720 h, and 13.57% at t = 1440 h (Fig. 4.4; Table 4.2). In addition, 
porosity reached a maximum at 240 h, and then slowly decreases again until 1440 h (Fig. 4.4). 
Comparing specific surface area (Sm) obtained from dry samples to those obtained from contrast-
matched samples shows that the Sm-derived are many orders of magnitude greater in dry samples 
than in contrast-matched samples (Table 4.2). All six samples have surface fractal dimension Ds 
values which varies between 2 and 3.271 for both dry and contrast-matched conditions (Fig. 4.5; 
Table 4.2). The contrast-matched reacted samples tend to have higher Ds values in the SANS 





Fig. 4.4. Open, closed and total porosity within the product phases obtained from USANS/SANS 
analysis of bornite samples reacted at 180 °C under oxic condition in pH 1 HCl+KCl buffer 
solution.  
 
Fig. 4.5. Comparison of surface fractal dimension Ds for the reacted samples under oxic conditions. 
(a) SANS region, and (b) USANS region. 
4.3.3. The evolution of mineralogy, sample texture, and porosity in reacted samples from 
anoxic conditions 
Under anoxic conditions, partial to complete replacement of bornite was also observed 
depending on the reaction time (Figs. 4.1b; 4.6). Fig. 4.6 shows the BSE images and the combined 
USANS/SANS results from the five reacted samples under anoxic conditions.  
















































Fig. 4.6. (a1, a2, b1, b2, c1, c2, d1, d2, e1, e2) BSE images of the replaced samples; 
(a3,b3,c3,d3,e3) Combined USANS/SANS curves, (a4, b4, c4, d4, e4) Volume distribution (1/Å) 
of pore diameter size (Å) extracted from USANS/SANS curves; and (a5, b5, c5, d5, e5) Open/total 
pore ratio of pore diameter size (Å) under anoxic conditions at 200 °C in pH 1 HCl+KCl buffer. 
 
The experiments under anoxic condition produced similar mineral assemblage and textures 
to the oxic experiments (Figs. 4.1; 3- BSE images; 6- BSE images), however, some important 
differences were observed. Firstly, chalcocite formed at 72 h in oxic experiment, but was not 
observed to form in all anoxic experiments (Figs. 4.1; 4.3- BSE images; 4.6- BSE images). 
Secondly, the formed covellite perdured longer till 1440 h in anoxic experiments, while covellite 
was a transient phase in oxic experiments as it disappeared after 240 h (Figs. 4.1, 4.3- BSE images, 
4.6- BSE images). Thirdly, more digenite was formed in anoxic experiments. For example, the 
maximum amount of digenite formed in the oxic experiments was 51 wt.% (180 °C for 10 h in 
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Fig. 4.1a), while as much as 59 wt.% was formed in the anoxic experiments (200 °C for 72 h in 
Fig. 4.1b). Mass loss increases slightly from 22.2% at t = 10 h, 25.2% at t = 72 h, 24.9% at t = 240 
h, to 29.7 at t = 720 h, and finally by a mass loss decrease to 26.9% at t = 1440 h (Fig. 4.1b; Table 
4.1). 
Like the anoxic experiments, the curves for the five reacted samples are non-linear (Figs. 
4.6a3, b3, c3, d3, e3). Also, the scattering intensities of the contrast-matched samples are lower in 
the Q range 1.87 × 10-5 – 0.11 Å-1, but higher in the Q range 1.89 × 10-5 – 0.04 Å-1 (Figs. 4.6a3, 
b3, c3, d3, e3).  The specific surface area (Sm) obtained for dry samples are also many orders of 
magnitude greater than in contrast-matched samples (Table 4.2). Unlike the oxic experiments, the 
pore size distribution curves remained broad in all the reacted samples, but still revealed changes 
in the evolution of porosity as the reaction progresses (Figs. 4.6a4, b4, c4, d4, e4). 
 After 10 h of reaction, bornite have been completely replaced producing non-porous 
chalcopyrite (16 wt.%), digenite (53 wt.%) and covellite (9 wt.%) (Figs. 4.1b; 4.6a1, a2; Table 
4.1). The chalcopyrite occurs as lamellae in bornite, and are 2.67 µm long (0.69-5.74 µm, ẟ= 1.28) 
and 0.46 µm wide (0.09-0.8 µm, ẟ= 0.17) (Figs. 4.6a1, a2). The size distribution shows a large 
proportion of pores in the size range 20-500 nm (Fig. 4.6a4). Also, pores <20 nm were largely 
closed, pores ranging from 20-600 nm were partly closed, while pores >600 nm centred around 2 
µm were mostly open (Figs. 4.6a4, a5).  
After 72 h of reaction, chalcopyrite disappeared, and the reaction product consists 
essentially of digenite (59 wt.%) and covellite (16 wt.%) (Fig. 4.1b; Table 4.1), with covellite 
nucleating along the rim and fractures within digenite (Figs. 4.6b1, b2). This transformation led to 
a significant reduction in the volume distribution of nanopores (centred around 20 nm), while the 
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volume distribution of mesopores (150-450 nm) and macropores (>700 nm) increased (Fig. 4.6b4). 
Also, the size distribution (Fig. 4.6b4) shows that the populations of mesopores (40-450 nm) and 
macropores (>700 nm) accounts for the bulk of the porosity and are largely open (Fig. 4.6b5).  
After 240 h of reaction, the product consists of both digenite (57 wt.%) and covellite (18 
wt.%) (Fig. 4.1b; Table 4.1), and covellite replaces digenite along the grain rim and along fractures 
in digenite (Figs. 4.6c1, c2). At this stage, the volume distribution of pores centred around 20 nm 
increased and are mostly open which is attributable to the formation of relatively open nanopores, 
while the volume distribution of pores >700 nm decreased but still has a broader portion (Figs. 
4.6c4, c5). Also, the majority of the pores were open (Fig. 4.6c5).  
After 720 h of reaction, the product phase is still a combination of digenite (50 wt.%) and 
covellite (20 wt.%) (Fig. 4.1b; Table 4.1). SEM analysis suggests the replacement of digenite by 
covellite, and the image also shows some large pores randomly distributed in the sample (Figs. 
4.6d1, d2). Compared to 240 h, the volume distribution of nanopores (centred around 20 nm) 
decreased and are largely closed, while pores >600 nm have narrower portion but are still largely 
open (Figs. 4.6d4, d5). The bulk of the pores were contributed by pores intermediate between 20-
400 nm with a highly variable volume distribution and open/total pore ratios (Figs. 4.6d4, d5).  
After 1440 h of reaction, PXRD and SEM analysis shows the coexistence of digenite (51 
wt.%) and covellite (22 wt.%) (Fig. 4.1b; Table 4.1). SEM image (Fig. 4.6e1) shows a thicker 
covellite layer replacing digenite along the rim likely indicating that microporosity at the exterior 
has started to close. The volume distribution of pores centred around 20 nm decreased appreciably 
suggesting the coarsening or healing of nanopores, while the bulk of the porosity were contributed 
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by larger pores (>20 nm) which are mostly open (Figs. 4.6e4, e5). Also, the volume distribution 
of pores is highest at 170 nm size (Fig. 4.6e4).  
The replacement reaction is initially accompanied by an overall decrease in porosity 
relative to the unreacted bornite, followed by an increase which reached a maximum (17.55%) at 
t = 72 h, and then total porosity started decreasing at a slow rate from 14.6% at t = 240 h, 10.14% 
at t = 720 h and 10.93% at t = 1440 h (Fig. 4.7; Table 4.2). The obtained Ds value varies between 
2.078 and 2.678 for the reacted samples under both dry and contrast-matched conditions (Fig. 4.8; 
Table 4.2). Like the reacted samples from oxic experiments, the contrast-matched reacted samples 
tend to have higher Ds value in the SANS region (Fig. 4.8a). However, the Ds value obtained in 
the USANS region shows inconsistent trend when all samples from both dry and contrast-matched 
conditions are considered together (Fig. 4.8b). 
 
Fig. 4.7. Open, closed and total porosity within the product phases obtained from USANS/SANS 






Fig. 4.8. Comparison of surface fractal dimension Ds for the reacted samples under anoxic 
conditions. (a) SANS region, and (b) USANS region.  
4.3.4.  The mechanism of porosity generation 
Previous studies have shown that the coupling between dissolution and reprecipitation 
reaction is controlled by the dissolution of the parent crystals when the parent crystal and replacing 
phases are almost in contact (Altree-Williams et al., 2017; González-Illanes et al., 2017; Ruiz-
Agudo et al., 2016). However, the efficiency of such coupling depends on the ability of fluids to 
permeate through a porous layers towards the replacement fronts (Pina, 2019). In this study, the 
complete replacement of bornite by digenite and covellite under anoxic condition, and by digenite 
and chalcocite under oxic condition resulted in the formation of a lot of open pores likely because 
the formation of porous network which provide effective transport pathways to the reactive surface 
is sustained in the system due to the overall solid-volume deficit associated with the replacement 
reactions. Porosity generation usually occurs when the molar volume and/or solubility of the 
replacing phases are lower than that of the parent crystal (Fernández-Díaz et al., 2009; Putnis, 
2002; Putnis and Mezger, 2004; Putnis et al., 2005; Suárez-Orduña et al., 2004).  


















































For the complete replacement of bornite by digenite and covellite under anoxic condition 
at 200 °C (Reaction 2.7- Chapter 2), the reaction will involve a volume change of -10.5% and a 
mass change of -11.1%. This ultimately should result in the generation of porosity leading to the 
advancement of the replacement reaction. The advancement of the replacement reaction also led 
to a reduction in the weight of the pseudomorphs relative to the initial bornite (Fig. 4.1). For the 
complete replacement of bornite by digenite and covellite under anoxic condition, the calculated 
pore volume fraction for reacted samples is 17.55% at t= 72 h, 14.6% at t= 240 h, 10.14% at t= 
720 h, and 10.93% at t= 1440 h (Table 4.2), which are mostly close to the theoretical volume 
reduction (-10.5%) for the complete replacement. However, in the replacement reaction under 
anoxic condition, weight reduction ranging from 24.9-29.7% were achieved after the complete 
replacement of bornite by digenite and covellite (Fig. 4.1b; Table 4.1), which is higher than the 
theoretical mass reduction (-11.1%). Possible explanation for the higher mass reduction may be 
due to (1) the theoretically calculated mass reduction of -11.1% does not consider the relative 
solubilities between the parent bornite and the product phases- digenite and covellite, and (2) some 
dissolution loss to the solution.  
 Ultimately, the generation of porosity in the product digenite+chalcocite±covellite and 
digenite+covellite assemblages (Figs. 4.3c2, d2, e2, f2; 4.6d2) is related to the molar volume 
differences and the relative solubility of the parent and the product phases.  
4.3.5.  The mechanism of porosity evolution  
Porosity generation is a universal microstructure associated with CDR mechanism, and like 
most microstructures, it is a transient feature (Putnis et al., 2005; Raufaste et al., 2011). The KCl-
KBr-H2O system is an analogous model system that have been studied extensively to assess the 
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mechanism of porosity generation and its evolution (Beaudoin et al., 2018; Kar et al., 2016; Putnis 
et al., 2005; Raufaste et al., 2011). As observed by Putnis et al (2005), the initial replacement of 
KBr by K(Cl,Br) results in a highly porous product. However, after complete replacement, a coarse 
internal porosity formed within the K(Cl,Br) product, while the exterior porosity has started 
closing. With increasing time, the internal porosity continue to coarsen, while complete healing of 
the exterior microporosity results in a transparent non-porous rim. From these observations, 
porosity can be partly or fully annealed out as the system tries to attain textural equilibrium, 
following chemical equilibration (Pollok et al., 2011). Textural equilibration is a form of Ostwald 
ripening that is driven by the large interfacial energy associated with the porous structure, and it 
usually results in porosity coarsening and reduction in permeability due to possible loss of 
interconnectivity of the pore distribution (Ruiz-Agudo et al., 2014). Ostwald ripening resulting 
from the dissolution of small grains and the growth of large grains will provide an efficient means 
by which the interfacial energy within a porous product and polycrystalline product can be 
minimized (Carlson, 2011; Norberg et al., 2011; Putnis, 2009; Raufaste et al., 2011; Voorhees, 
1985; Voorhees, 1992). The destruction of excess surface area usually leads to the ripening of the 
product phase(s), and this is crucial to the development of a compositionally and texturally stable 
product phase(s) (Altree-Williams et al., 2015). A similar equilibration process was observed in 
this study. For example, in the oxic experiments, the lower fraction of nanopores (centred around 
20 nm) in reacted samples after 240, 720 and 1440 h (Figs. 4.3d4, e4, f4) may indicate the 
coarsening of small pores or pore healing by later precipitation processes as the reaction 
progresses. Also, the decrease in the abundance of macropores (>1 µm) with time (Figs. 4.3a4, b4, 
c4, d4, e4, f4) may be a result of pore healing due to later precipitation processes. Thus, once the 
entire original bornite has been replaced, the replacing Cu-sulphide phases might ripen or 
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equilibrate, and this likely led to the re-arrangement of the internal porosity. Therefore, the healing 
or coarsening of the initially formed fine pores and the healing of macropores over time may have 
been driven by the reduction of surface area per unit volume via Ostwald ripening.  
4.4. Conclusions and implications 
The formation and evolution of porosity during the replacement of bornite by copper 
sulphides under oxic and anoxic conditions were studied. It was found that all samples contained 
pores with very broad size distributions which varies between 4 nm to 20 µm. Nearly all pores 
(<20 nm) were found to be inaccessible to D2O/H2O mixture (i.e. closed) while larger pores were 
mostly open. At the initial stage, the initially porous bornite was replaced with less porous 
chalcopyrite and digenite which formed via fluid-induced solid-state diffusion (FI-SSD) process. 
Once partially reacted, porosity dropped but increased again as reaction progresses. Porosity 
reached a maximum at complete replacement, and then slowly dropped again.  
The influence of reaction time on the reaction products nanoporosity is another major 
extension of this study. At longer annealing time (1440 h), the abundance of small pores (<50 nm) 
decreased while larger pores increased, suggesting the coarsening of small pores as the alteration 
advances. The obtained results revealed that porosity creation during the replacement and it’s 
evolution after the replacement reaction is dynamic. The results also suggest that the replacement 
extent over time is directly related to porosity/permeability and the reactive surface area of the 
mineral-water interface as higher porosity provided more surface area which accelerates the 
replacement reaction. This study provides insights about porosity evolution in copper-iron 
sulphides interacting with hydrothermal fluids and the contribution of different reaction 
mechanisms on porosity evolution. 
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This study provides another experimental evidence demonstrating the transient and 
dynamic nature of porosity during mineral replacement reactions. The results also demonstrate the 
capabilities of both the USANS/SANS and SEM/BSE approaches to analysis of complex changes 
in porosity during the replacement of bornite. Important porosity-related information including 
pore size distribution, pore volume fraction, fractal dimensions, total porosity and fraction of 
accessible porosity were obtained. These porosity-related properties could provide a deeper insight 
into the mechanism and kinetics of fluid-mediated mineral replacement. The obtained porosity-
related information could also be vital in understanding fluid transport ability and the 
transportation behaviour of metals within porous ores. Understanding of the evolution of porosity 
in minerals could also find applications in targeted mineral exploration and during 
hydrometallurgical processes. 
In addition, conventional interpretation of porosity data suffers limitations in providing 
clues about the process of pore opening and coalescence of nano-pores, but these type of changes 
in the pore structure can be easily revealed only upon contrast matching (Antxustegi et al., 1998). 
This key capability of USANS/SANS to contrast match was explored in this study. Thus, open 









Chapter 5: Conclusions 
5.1. Overview 
The major contribution of this Ph.D thesis is that it advances our knowledge and 
understanding of hydrothermal mineral replacement reactions under conditions where the rate of 
solid-state diffusion (SSD) is comparable to the rate of coupled dissolution-reprecipitation (CDR) 
processes. In the study of the hydrothermal replacement of bornite (Cu5FeS4) by copper sulphides 
at 160-200 °C, the reactions resulted in the formation of complex mineral textures and assemblages 
due to the synergy between SSD and CDR mechanisms. This is the first experimental report on 
the complex interaction between SSD and CDR reactions under hydrothermal conditions among 
(Cu,Fe)-sulphides at geologically low temperatures (≤200 °C). The second contribution of this 
thesis is that it provides insights into the mechanisms and kinetics of the replacement of bornite 
by copper sulphides under anoxic and oxic conditions. Since the replacement of bornite by copper 
sulphides is very similar to bornite leaching, the results presented in this thesis could find 
applications during hydrometallurgical leaching of bornite. Thirdly, the outcomes of this Ph.D 
thesis also advances our knowledge on mineral replacement reactions, particularly on how 
hydrothermal fluid can induce and control solid-state diffusion processes such as exsolution. The 
fourth contribution is that this thesis offers a microscopic insight into fluid-mineral interaction 
process, and provides another experimental evidence demonstrating the transient and dynamic 
nature of porosity during mineral replacement reactions.  
Three sets of experimental studies on the replacement of bornite are presented: the 
replacement of bornite by copper sulphides under (1) anoxic conditions and (2) oxic conditions, 
and (3) the formation and evolution of porosity during the replacement of bornite under anoxic 
and oxic conditions. This chapter summarises the conclusions from each research chapter, 
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highlights the key contribution(s) from each research chapter, and suggest possible future research 
work. 
5.2. The replacement of bornite by copper sulphides under anoxic conditions 
As demonstrated in Chapter 2, the replacement of bornite by Cu-sulphides under anoxic 
conditions in five studied hydrothermal fluids presents a very complex reaction pathways due to 
the interplay between fluid-induced solid-state diffusion (FI-SSD) process and fluid-mediated 
coupled dissolution-reprecipitation (CDR) reactions. The resulting mineral textures and 
assemblages of the product phases highly resembles those commonly observed among (Cu,Fe)-
sulphides in nature. Therefore, the proposed reaction pathways provides insights into the origin of 
such natural (Cu,Fe)-sulphides assemblages, and also suggests the dependency of the 
transformations with changing reaction parameters (e.g., fluid composition, temperature, reaction 
time). 
Initially, chalcopyrite lamellae which were enveloped by digenite formed within bornite 
by removing Fe3+ from bornite via FI-SSD. This is evident from ICP-OES results showing rapid 
release of Fe into the solutions, and from EPMA and EDS maps showing Fe concentration 
gradients. This FI-SSD of Fe3+ within bornite and across the chalcopyrite and digenite phase 
boundaries is facilitated by their structural similarities, so that only a small structural re-
arrangement of the cations and vacancies in the sulphur framework is required to bring about this 
change. This is also supported by the EBSD results which showed that the host bornite and the 
formed chalcopyrite and digenite all share principle zone axes.  
In parallel to lamella exsolution, coupled dissolution-reprecipitation (CDR) reactions 
proceeded from the surface to the interior of the grains or along the fractures, replacing 
chalcopyrite by digenite, and digenite by covellite and/or chalcocite, depending on the 
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experimental conditions. Nantokite and atacamite were also observed to precipitate through the 
reaction of removed Cu from pre-existing copper sulphides with the chlorine-rich hydrothermal 
fluids. Features such as porous secondary products, cracks and fractures within grains, a sharp 
moving reaction front, replacement along the rim, the sensitivity of the products to fluid 
composition, and the pseudomorphic preservation of the external shape of the original bornite 
grain are all common features commonly observed in reactions that proceeds via CDR mechanism. 
The ICP-OES results also suggests incongruent dissolution of bornite. 
Experimental evidence suggests that SSD was induced by hydrothermal fluids surrounding 
the mineral grains since there is no evidence for fluid entering the interior of bornite during 
lamellae formation. Also, in the absence of fluid, no lamellae were formed, and because both the 
exsolution rate and lamellae size were sensitive to the composition of the fluids. This study 
highlights that under conditions where cation diffusion rates are of similar oder of magnitude as 
dissolution rates, hydrothermal fluids can induce and control solid-state diffusion processes, i.e., 
exsolution even at geologically low temperatures. Therefore, the use of solid-state diffusion 
profiles and textures controlled by solid-state diffusion (e.g., exsolution) for speedometry in 
aqueous-fluid rich systems needs to be done with extreme caution, since the chemistry of the fluids 
induces solid-state diffusion and controls diffusion rates in ways that remain difficult to predict 
from first principles. Implications were also made to ascertain under what conditions SSD and 
CDR may compete in other geologically important systems. 
5.3. The replacement of bornite by copper sulphides under oxic conditions 
Chapter 3 explored the effects of pH (1-6), temperature (160-200 °C), reaction time (up to 
1008 h) and availability of oxygen on the kinetics, and the mineralogical and textural evolution of 
bornite. The observed kinetic behaviour and resulting textures in Chapter 3 also demonstrated that 
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the replacement of bornite by copper sulphides proceeds via a synergy between FI-SSD and CDR 
mechanism. Also, the rate of exsolution and the distribution of chalcopyrite lamellae depend on 
the pH of the hydrothermal fluids, indicating a FI-SSD mechanism. For example, at lower pH 1-
3, the lamellae were short-lived and homogeneously distributed, while at higher pH 4-6, the 
lamellae were long-lived and sparsely distributed within the bornite host. However, the ICP-OES 
results suggests distinct difference in the FI-SSD process under oxic conditions, compared to under 
anoxic conditions. The most important distinctive difference from the anoxic conditions is that the 
ICP-OES results suggests both Cu and Fe removal into the solution at pH 1, and predominantly 
Cu-removal at pH 2, 3 and 5 during the FI-SSD under oxic conditons. The reason for the difference 
might be due to the fact that both the availability of oxygen and fluid chemistry appear to control 
the FI-SSD process.  
The kinetic and textural study of the replacement of bornite by copper sulphides under oxic 
conditions revealed that the replacement is very sensitive to physico-chemical parameters 
including temperature, pH, reaction time, and the availability of oxygen. All these indicates a 
coupled dissolution-reprecipitation mechanism, with the fluid phase playing a key role. The most 
important findings highlighted by the results of Chapter 3 is the dependency of bornite 
transformation rate and the evolution of mineralogy and sample textures on the solution pH and 
temperature. For example, bornite was relatively stable under higher pH 4-6, while low pH (1 and 
2) favours the dissolution of bornite. Also, rate firstly increases with increasing temperature at pH 
1-3, and subsequently decreases with increasing temperature at pH 4-6 which is attributed to the 
change in the rate-limiting step of the reaction.  
This study improves our understanding of the physical chemistry of bornite replacement in 
nature. The experimentally derived mineral assemblages and textures observed under oxic 
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conditions reflects those observed in Cu ore deposits. Therefore, the documented mineralogical 
and textural differences can be used as one of the paleoproxies of the pH of the fluids responsible 
for the alteration of deep-sea copper minerals and remobilization of metals in ore deposits.  
5.4. Porosity formation and evolution during the replacement of bornite 
Chapter 4 covers experimental works aimed at obtaining insight into the formation and 
evolution of porosity during the replacement of bornite by copper sulphides. In this chapter, bornite 
samples reacted under hydrothermal conditions (180 and 200 °C, pH 1) for various reaction 
durations (up to 60 days) were measured by USANS/SANS under both dry conditions and after 
filling the open pores with contrast matching D2O/H2O fluid. Information about total porosity 
(both open and closed) and pore size distributions were obtained. The USANS/SANS observations 
were complemented with microscopic textural examinations. 
The results show that the reaction created pores in the product phases, and all samples 
contained pores with very broad size distributions from nano to micrometre. Nearly all small pores 
(<20 nm) were closed while larger pores were mostly open. The initially porous bornite was 
replaced with less porous secondary copper sulphide minerals. Porosity dropped at the initial stage 
of the reaction, but with the progressive replacement, porosity increased again, reaching a 
maximum at complete replacement, and then porosity slowly dropped again, showing porosity 
creation during the replacement and evolution after the replacement reaction. Also, porosity 
healing and coarsening occurred during and after replacement reactions likely driven by surface 
energy minimization via Ostwald ripening. Thus, once the entire original bornite has been 
replaced, the replacing Cu-sulphide phases might ripen or equilibrate, and this likely led to the re-
arrangement of the internal porosity.  
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The textures resulted from FI-SSD process are largely non-porous, such as the non-porous 
chalcopyrite lamellae and digenite which show no visible pores, while the products from CDR 
reactions presents high porosity (e.g. the porous digenite+chalcocite±covellite and 
digenite+covellite assemblages). Porosity generation is as a result of molar volume and/or relative 
solubility differences between the parent and the replacing phase.  
The results suggest that mineral porosity can evolve and may be annealed out over 
geological timescale. Therefore, this is another experimental evidence demonstrating the transient 
and dynamic nature of porosity during mineral replacement reactions using the replacement of 
bornite by copper sulphides as a model system. Altogether, this study provides insights about pore 
accessibility and evolution of pore size and porosity in multiphase copper-iron sulphides 
interacting with hydrothermal fluids. It also shed light on the contributions of different reaction 
mechanisms on porosity evolution.  
5.5. Future work 
This Ph.D research work focuses on the mechanisms and kinetics of the replacement of 
bornite by copper sulphides under anoxic and oxic conditions, as well as the formation and 
evolution of porosity during the replacement. During the later stage of this studies, this research 
also spurred some very interesting questions related to aspects of study which could not be 
explored in this thesis, and it is hoped that some of these problems can be solved in the near future. 
A list of possible future research ideas to be explored are listed below. 
1. All results presented in this thesis were monitored ex situ, and so the observed reaction 
texture may not be the same as that under reaction conditions. For example, undetected 
reaction(s) may have occurred during the cooling of the reaction products. In situ 
monitoring process is real time, and this may help in detecting some likely hidden 
173 
 
intermediate reactions which are impossible to observe by conventional ex situ techniques. 
Thus, in situ study has the capability to reveal the real mechanism of mineral replacement 
reactions, thereby providing a clearer and unambiguous picture of the replacement process 
under hydrothermal conditions. In this study, some preliminary synchrotron-based in situ 
PXRD work were carried out on the replacement of bornite, but further research in this 
direction is needed. Further in situ monitoring of the replacement of bornite by copper 
sulphides either by high resolution neutron or synchrotron-based powder diffraction 
technology will be ideal for this purpose. 
2. All experiments in this study were conducted in closed systems, in which fluid composition 
keep changing with time, and this may also cause the reaction to respond differently with 
time. Therefore, it is vital to keep the solution in steady state to allow critical quantitative 
kinetic studies. Future work on kinetic studies may involve the use of open mixed flow-
through reactors, which will allow the study of the effect of fluid flow on the mechanism 
and kinetics of the replacement of bornite by copper sulphides. 
3. This work established the mechanisms, kinetics, mineralogical and textural evolution of 
bornite under anoxic and oxic conditions, but under acidic to mild acidic conditions and at 
three temperatures 160, 180 and 200 °C. Thus, a further study of the replacement of bornite 
by copper sulphides at pH and temperature ranges different to those probed in this study 
could be explored to further obtain an insight into the replacement of bornite. 
4. This work revealed the formation and evolution of porosity during the replacement of 
bornite by copper sulphides using combined USANS/SANS and microscopic textural 
studies. Although the key capability of USANS/SANS to contrast match was explored in 
this study allowing the differentiation of open pores from closed pores, however, further 
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work on porosity studies is recommended. This can be achieved using other porosimetry 
methods such as X-ray computed micro-tomography (X-CT) scan, focused ion beam-
scanning electron microscopy (FIB-SEM) tomography, and image analysis softwares (e.g. 
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González-Illanes, T., Borrero, M.T., Herráez, M.M., Pimentel, C. and Pina, C.M. (2017) 
Pseudomorphic Replacement of Mg–Ca Carbonates after Gypsum and Anhydrite. ACS Earth 
and Space Chemistry 1, 168-178. 
Graham, U.M., Bluth, G.J. and Ohmoto, H. (1988) Sulphide-sulfate chimneys on the East Pacific 
Rise, 11 degrees and 13 degrees N latitudes; Part I, Mineralogy and paragenesis. The Canadian 
Mineralogist 26, 487-504. 
Gražulis, S., Chateigner, D., Downs, R.T., Yokochi, A., Quirós, M., Lutterotti, L., Manakova, E., 
Butkus, J., Moeck, P. and Le Bail, A. (2009) Crystallography Open Database–an open-access 
collection of crystal structures. Journal of Applied Crystallography 42, 726-729. 
Grguric, B. and Putnis, A. (1999) Rapid exsolution behaviour in the bornite–digenite series, and 
implications for natural ore assemblages. Mineralogical Magazine 63, 1-12. 
Grguric, B., Harrison, R. and Putnis, A. (2000) A revised phase diagram for the bornite-digenite 
join from in situ neutron diffraction and DSC experiments. Mineralogical Magazine 64, 213-
231. 
Guinier, A. and Fournet, G. (1955) Small-angle scattering of X-rays. Wiley, New York. 
Haase, K., Petersen, S., Koschinsky, A., Seifert, R., Devey, C.W., Keir, R., Lackschewitz, K., 
Melchert, B., Perner, M. and Schmale, O. (2007) Young volcanism and related hydrothermal 
activity at 5° S on the slow‐spreading southern Mid‐Atlantic Ridge. Geochemistry, 
Geophysics, Geosystems 8. 
Halbach, P., Blum, N., Münch, U., Plüger, W., Garbe-Schönberg, D. and Zimmer, M. (1998) 
Formation and decay of a modern massive sulphide deposit in the Indian Ocean. Mineralium 
Deposita 33, 302-309. 
184 
 
Hall, S. and Stewart, J. (1973) The crystal structure refinement of chalcopyrite, CuFeS2. Acta 
Crystallographica Section B 29, 579-585. 
Hannington, M. (1993) The formation of atacamite during weathering of sulphides on the modern 
seafloor. The Canadian Mineralogist 31, 945-956. 
Hannington, M.D. and Scott, S.D. (1988) Mineralogy and geochemistry of a hydrothermal silica-
sulphide-sulfate spire in the caldera of Axial Seamount, Juan de Fuca Ridge. The Canadian 
Mineralogist 26, 603-625. 
Hardardóttir, V., Brown, K., Fridriksson, T., Hedenquist, J., Hannington, M. and Thorhallsson, S. 
(2009) Metals in deep liquid of the Reykjanes geothermal system, southwest Iceland: 
Implications for the composition of seafloor black smoker fluids. Geology 37, 1103-1106. 
Hardardóttir, V., Hannington, M., Hedenquist, J., Kjarsgaard, I. and Hoal, K. (2010) Cu-rich scales 
in the Reykjanes geothermal system, Iceland. Economic Geology 105, 1143-1155. 
Harland, C.E. (1994) Ion exchange: theory and practice. Royal Society of Chemistry. 
Harlov, D.E. (2015) Apatite: A fingerprint for metasomatic processes. Elements 11, 171-176. 
Harlov, D.E. and Förster, H.-J.r. (2003) Fluid-induced nucleation of (Y+ REE)-phosphate minerals 
within apatite: Nature and experiment. Part II. Fluorapatite. American Mineralogist 88, 1209-
1229. 
Harlov, D.E., Förster, H.-J.r. and Nijland, T.G. (2002) Fluid-induced nucleation of (Y+ REE)-
phosphate minerals within apatite: Nature and experiment. Part I. Chlorapatite. American 
Mineralogist 87, 245-261. 
Harlov, D.E. and Sack, R.O. (1994) Thermochemistry of polybasite-pearceite solid solutions. 
Geochimica et Cosmochimica Acta 58, 4363-4375. 
185 
 
Harlov, D.E. and Sack, R.O. (1995a) Ag-Cu exchange equilibria between pyrargyrite, high-
skinnerite, and polybasite solutions. Geochimica et Cosmochimica Acta 59, 867-874. 
Harlov, D.E. and Sack, R.O. (1995b) Thermochemistry of Ag2S-Cu2S sulfide solutions: 
Constraints derived from coexisting Sb2S3-and As2S3-bearing sulfosalts. Geochimica et 
Cosmochimica Acta 59, 4351-4365. 
Harlov, D.E., Wirth, R. and Förster, H.-J. (2005) An experimental study of dissolution–
reprecipitation in fluorapatite: fluid infiltration and the formation of monazite. Contributions 
to Mineralogy and Petrology 150, 268-286. 
Hatert, F. (2003) Occurrence of sulphides on the bornite-idaite join from Vielsalm, Stavelot 
Massif, Belgium. European journal of mineralogy 15, 1063-1068. 
Hatert, F. (2005) Transformation sequences of copper sulphides at Vielsalm, Stavelot Massif, 
Belgium. The Canadian Mineralogist 43, 623-635. 
Haymon, R.M. (1983) Growth history of hydrothermal black smoker chimneys. Nature 301, 695. 
Haymon, R.M. and Kastner, M. (1981) Hot spring deposits on the East Pacific Rise at 21 N: 
preliminary description of mineralogy and genesis. Earth and Planetary Science Letters 53, 
363-381. 
Henne, A., Craw, D., Gagen, E. and Southam, G. (2019) Bacterially-mediated supergene alteration 
and redistribution of copper in mineralised rocks at the Salobo IOCG deposit, Brazil. Ore 
Geology Reviews 115, 103210. 
Herzig, P.M., Hannington, M.D., Scott, S.D., Maliotis, G., Rona, P.A. and Thompson, G. (1991) 
Gold-rich sea-floor gossans in the Troodos Ophiolite and on the Mid-Atlantic Ridge. 
Economic Geology 86, 1747-1755. 
186 
 
Hetherington, C.J. and Harlov, D.E. (2008) Metasomatic thorite and uraninite inclusions in 
xenotime and monazite from granitic pegmatites, Hidra anorthosite massif, southwestern 
Norway: Mechanics and fluid chemistry. American Mineralogist 93, 806-820. 
Hidalgo, T., Kuhar, L., Beinlich, A. and Putnis, A. (2019) Kinetics and mineralogical analysis of 
copper dissolution from a bornite/chalcopyrite composite sample in ferric-chloride and 
methanesulfonic-acid solutions. Hydrometallurgy 188, 140-156. 
Hidalgo, T., Verrall, M., Beinlich, A., Kuhar, L. and Putnis, A. (2020) Replacement reactions of 
copper sulphides at moderate temperature in acidic solutions. Ore Geology Reviews, 103569. 
Hill, R. and Howard, C. (1987) Quantitative phase analysis from neutron powder diffraction data 
using the Rietveld method. Journal of Applied Crystallography 20, 467-474. 
Hull, S. and Keen, D. (1994) High-pressure polymorphism of the copper (I) halides: A neutron-
diffraction study to ∼10 GPa. Physical Review B 50, 5868. 
Hunger, S. and Benning, L.G. (2007) Greigite: a true intermediate on the polysulphide pathway to 
pyrite. Geochemical Transactions 8, 1. 
Ilavsky, J. and Jemian, P.R. (2009) Irena: tool suite for modeling and analysis of small-angle 
scattering. Journal of Applied Crystallography 42, 347-353. 
Jamtveit, B., Kobchenko, M., Austrheim, H., Malthe‐Sørenssen, A., Røyne, A. and Svensen, H. 
(2011) Porosity evolution and crystallization‐driven fragmentation during weathering of 
andesite. Journal of Geophysical Research: Solid Earth 116. 
Janosi, A. (1964) La structure du sulfure cuivreux quadratique. Acta Crystallographica 17, 311-
312. 
Jemian, P., Weertman, J., Long, G. and Spal, R. (1991) Characterization of 9Cr-1MoVNb steel by 
anomalous small-angle X-ray scattering. Acta metallurgica et materialia 39, 2477-2487. 
187 
 
Jonas, L., John, T., King, H.E., Geisler, T. and Putnis, A. (2014) The role of grain boundaries and 
transient porosity in rocks as fluid pathways for reaction front propagation. Earth and 
Planetary Science Letters 386, 64-74. 
Kamiishi, E. and Utsunomiya, S. (2013) Nano-scale reaction processes at the interface between 
apatite and aqueous lead. Chemical Geology 340, 121-130. 
Kanazawa, Y., Koto, K. and Morimoto, N. (1978) Bornite (Cu5FeS4): stability and crystal structure 
of the intermediate form. The Canadian Mineralogist 16, 397-404. 
Kar, A., McEldrew, M., Stout, R.F., Mays, B.E., Khair, A., Velegol, D. and Gorski, C.A. (2016) 
Self-generated electrokinetic fluid flows during pseudomorphic mineral replacement 
reactions. Langmuir 32, 5233-5240. 
Kartal, M., Xia, F., Ralph, D., Rickard, W.D., Renard, F. and Li, W. (2020) Enhancing chalcopyrite 
leaching by tetrachloroethylene-assisted removal of sulphur passivation and the mechanism 
of jarosite formation. Hydrometallurgy 191, 105192. 
Kasioptas, A., Perdikouri, C., Putnis, C. and Putnis, A. (2008) Pseudomorphic replacement of 
single calcium carbonate crystals by polycrystalline apatite. Mineralogical Magazine 72, 77-
80. 
Kazinets, M. (1970) On the structure of certain phases in the copper-sulfur system. Soviet Physics-
Crystallography 14, 599-600. 
Kettanah, Y.A. (2019) Copper mineralization and alterations in Gercus Basalt within the Gercus 
formation, northern Iraq. Ore Geology Reviews 111, 102974. 
Khanna, Y. and Taylor, T. (1988) Comments and recommendations on the use of the Avrami 
equation for physico‐chemical kinetics. Polymer Engineering & Science 28, 1042-1045. 
188 
 
Knorsch, M., Deditius, A.P., Xia, F., Pearce, M.A. and Uvarova, Y. (2020) The impact of 
hydrothermal mineral replacement reactions on the formation and alteration of carbonate-
hosted polymetallic sulfide deposits: A case study of the Artemis prospect, Queensland, 
Australia. Ore Geology Reviews 116, 103232. 
Kojima, S., Astudillo, J., Rojo, J., Trista, D. and Hayashi, K.-i. (2003) Ore mineralogy, fluid 
inclusion, and stable isotopic characteristics of stratiform copper deposits in the coastal 
Cordillera of northern Chile. Mineralium Deposita 38, 208-216. 
Koski, R. (2012) Supergene ore and gangue characteristics in volcanogenic massive sulphide 
occurrence model: US Geological Survey Scientific Investigations Report 2010–5070–C, 
Capítulo 12, 6 p. Reston. 
Koto, K. and Morimoto, N. (1975) Superstructure investigation of bornite, Cu5FeS4, by the 
modified partial Patterson function. Acta Crystallographica Section B 31, 2268-2273. 
Kucha, H. and Pawlikowski, M. (1986) Two-brine model of the genesis of strata-bound Zechstein 
deposits (Kupferschiefer type), Poland. Mineralium Deposita 21, 70-80. 
Kusebauch, C., Oelze, M. and Gleeson, S.A. (2018) Partitioning of arsenic between hydrothermal 
fluid and pyrite during experimental siderite replacement. Chemical Geology 500, 136-147. 
Li, K., Brugger, J. and Pring, A. (2018) Exsolution of chalcopyrite from bornite-digenite solid 
solution: an example of a fluid-driven back-replacement reaction. Mineralium Deposita 53, 
903-908. 
Li, K., Pring, A., Etschmann, B. and Brugger, J. (2020) Coupling between mineral replacement 
reaction and uranium scavenging: an example from the giant Olympic Dam deposit. Ore 
Geology Reviews, 117, 103267. 
189 
 
Lichtner, P.C. and Biino, G.G. (1992) A first principles approach to supergene enrichment of a 
porphyry copper protore: I. Cu-Fe-S subsystem. Geochimica et Cosmochimica Acta 56, 3987-
4013. 
Liu, W., Chen, Y. and Liu, Y. (2017) EPMA and LA-ICP-MS micro-analysis of Cu-Fe-S minerals 
in Zijinshan orefield: implications for ore genesis. Earth Science Frontiers 24, 39-53. 
Losch, W. and Monhemius, A. (1976) An aes study of a copper-iron sulphide mineral. Surface 
Science 60, 196-210. 
Machek, M., Kalvoda, L., Hladil, J., Roxerová, Z., Vratislav, S., Drahokoupil, J. and Ryukhtin, V. 
(2018) Petrophysical record of evolution of weakly deformed low-porosity limestone revealed 
by small-angle neutron scattering, neutron diffraction and AMS study. Geophysical Journal 
International 215, 895-908. 
MacMillan, E., Ciobanu, C.L., Ehrig, K., Cook, N.J. and Pring, A. (2016) Replacement of 
Uraninite By Bornite Via Coupled Dissolution-Reprecipitation: Evidence From Texture and 
Microstructure. The Canadian Mineralogist 54, 1369-1383. 
Madani, S.H., Arellano, I.H., Mata, J.P. and Pendleton, P. (2018) Particle and cluster analyses of 
silica powders via small angle neutron scattering. Powder Technology 327, 96-108. 
Manecki, M., Kwaśniak-Kominek, M., Majka, J.M. and Rakovan, J. (2020) Model of interface-
coupled dissolution-precipitation mechanism of pseudomorphic replacement reaction in 
aqueous solutions based on the system of cerussite PbCO3 – pyromorphite Pb5(PO4)3Cl. 
Geochimica et Cosmochimica Acta 289, 1-13. 
Manning, P.G. (1967) A study of the bonding properties of sulphur in bornite. The Canadian 
Mineralogist 9(1), 85-94. 
190 
 
Maslen, E., Streltsov, V., Streltsova, N. and Ishizawa, N. (1994) Synchrotron X-ray study of the 
electron density in α-Fe2O3. Acta Crystallographica Section B: Structural Science 50, 435-
441. 
Mathur, R. and Fantle, M.S. (2015) Copper isotopic perspectives on supergene processes: 
implications for the global Cu cycle. Elements 11, 323-329. 
Mayer, M.T., Simpson, Z.I., Zhou, S. and Wang, D. (2011) Ionic-diffusion-driven, low-
temperature, solid-state reactions observed on copper sulphide nanowires. Chemistry of 
Materials 23, 5045-5051. 
McKibben, M.A. and Barnes, H.L. (1986) Oxidation of pyrite in low temperature acidic solutions: 
Rate laws and surface textures. Geochimica et Cosmochimica Acta 50, 1509-1520. 
Melnichenko, Y.B., He, L., Sakurovs, R., Kholodenko, A.L., Blach, T., Mastalerz, M., Radliński, 
A.P., Cheng, G. and Mildner, D.F. (2012) Accessibility of pores in coal to methane and carbon 
dioxide. Fuel 91, 200-208. 
Merino, E. and Dewers, T. (1998) Implications of replacement for reaction–transport modeling. 
Journal of Hydrology 209, 137-146. 
Milke, R., Neusser, G., Kolzer, K. and Wunder, B. (2013) Very little water is necessary to make a 
dry solid silicate system wet. Geology 41, 247-250. 
Millero, F.J., Hubinger, S., Fernandez, M. and Garnett, S. (1987) Oxidation of H2S in seawater as 
a function of temperature, pH, and ionic strength. Environmental science & technology 21, 
439-443. 
Morimoto, N. and Kullerud, G. (1963) Polymorphism in digenite. American Mineralogist: Journal 
of Earth and Planetary Materials 48, 110-123. 
191 
 
Mote, T.I., Brimhall, G.H., Tidy-Finch, E., Muller, G. and Carrasco, P. (2001) Application of 
mass-balance modeling of sources, pathways, and sinks of supergene enrichment to 
exploration and discovery of the Quebrada Turquesa exotic copper orebody, El Salvador 
district, Chile. Economic Geology 96, 367-386. 
Münch, U., Blum, N. and Halbach, P. (1999) Mineralogical and geochemical features of sulphide 
chimneys from the MESO zone, Central Indian Ridge. Chemical Geology 155, 29-44. 
Muszer, A., Wódka, J., Chmielewski, T. and Matuska, S. (2013) Covellinisation of copper sulphide 
minerals under pressure leaching conditions. Hydrometallurgy 137, 1-7. 
Nahon, D. and Merino, E. (1997) Pseudomorphic replacement in tropical weathering: evidence, 
geochemical consequences, and kinetic-rheological origin. American Journal of Science 297, 
393-417. 
Nakamura, M. and Watson, E. (2001) Experimental study of aqueous fluid infiltration into 
quartzite: implications for the kinetics of fluid redistribution and grain growth driven by 
interfacial energy reduction. Geofluids 1, 73-89. 
Nicholson, R.V., Gillham, R.W. and Reardon, E.J. (1988) Pyrite oxidation in carbonate-buffered 
solution: 1. Experimental kinetics. Geochimica et Cosmochimica Acta 52, 1077-1085. 
Nicholson, R.V. and Scharer, J.M. (1994) Laboratory studies of pyrrhotite oxidation kinetics. ACS 
Publications. 
Nikkhou, F., Xia, F. and Deditius, A.P. (2019) Variable surface passivation during direct leaching 
of sphalerite by ferric sulfate, ferric chloride, and ferric nitrate in a citrate medium. 
Hydrometallurgy 188, 201-215. 
192 
 
Nikkhou, F., Xia, F., Deditius, A.P. and Yao, X. (2020a) Formation mechanisms of surface 
passivating phases and their impact on the kinetics of galena leaching in ferric chloride, ferric 
perchlorate, and ferric nitrate solutions. Hydrometallurgy 197, 105468. 
Nikkhou, F., Xia, F., Knorsch, M. and Deditius, A.P. (2020b) Mechanisms of Surface Passivation 
during Galena Leaching by Hydrogen Peroxide in Acetate and Citrate Solutions at 25–50° C. 
ACS Sustainable Chemistry & Engineering. 
Nikkhou, F., Kartal, M. and Xia, F. (2021) Ferric methanesulfonate as an effective and 
environmentally sustainable lixiviant for Zn extraction from sphalerite (ZnS). Journal of 
Industrial and Engineering Chemistry 96, 226-235. 
Noiriel, C. (2015) Resolving time-dependent evolution of pore-scale structure, permeability and 
reactivity using X-ray microtomography. Reviews in Mineralogy and Geochemistry 80, 247-
285. 
Norberg, N., Neusser, G., Wirth, R. and Harlov, D. (2011) Microstructural evolution during 
experimental albitization of K-rich alkali feldspar. Contributions to Mineralogy and Petrology 
162, 531-546. 
Oliver, N.H., Cleverley, J.S., Mark, G., Pollard, P.J., Fu, B., Marshall, L.J., Rubenach, M.J., 
Williams, P.J. and Baker, T. (2004) Modeling the role of sodic alteration in the genesis of iron 
oxide-copper-gold deposits, Eastern Mount Isa block, Australia. Economic Geology 99, 1145-
1176. 
Oszczepalski, S. (1999) Origin of the Kupferschiefer polymetallic mineralization in Poland. 
Mineralium Deposita 34, 599-613. 
Parise, J. and Hyde, B. (1986) The structure of atacamite and its relationship to spinel. Acta 
Crystallographica Section C: Crystal Structure Communications 42, 1277-1280. 
193 
 
Parsons, I. and Lee, M.R. (2009) Mutual replacement reactions in alkali feldspars I: microtextures 
and mechanisms. Contributions to Mineralogy and Petrology 157, 641. 
Pearce, M.A., Timms, N.E., Hough, R.M. and Cleverley, J.S. (2013) Reaction mechanism for the 
replacement of calcite by dolomite and siderite: implications for geochemistry, microstructure 
and porosity evolution during hydrothermal mineralisation. Contributions to Mineralogy and 
Petrology 166, 995-1009. 
Pedrosa, E.T., Boeck, L., Putnis, C.V. and Putnis, A. (2017) The replacement of a carbonate rock 
by fluorite: Kinetics and microstructure. American Mineralogist 102, 126-134. 
Pedrosa, E.T., Putnis, C.V. and Putnis, A. (2016a) The pseudomorphic replacement of marble by 
apatite: The role of fluid composition. Chemical Geology 425, 1-11. 
Pedrosa, E.T., Putnis, C.V., Renard, F., Burgos-Cara, A., Laurich, B. and Putnis, A. (2016b) 
Porosity generated during the fluid-mediated replacement of calcite by fluorite. 
CrystEngComm 18, 6867-6874. 
Pesic, B. and Olson, F. (1983) Leaching of bornite in acidified ferric chloride solutions. 
Metallurgical Transactions B 14, 577-588. 
Pesic, B. and Olson, F. (1984) Dissolution of bornite in sulfuric acid using oxygen as oxidant. 
Hydrometallurgy 12, 195-215. 
Pewkliang, B., Pring, A. and Brugger, J. (2008) The formation of precious opal: clues from the 
opalization of bone. The Canadian Mineralogist 46, 139-149. 
Pina, C.M. (2019) Topotaxial replacement of celestite single crystals by strontianite aggregates: 




Pollok, K., Putnis, C.V. and Putnis, A. (2011) Mineral replacement reactions in solid solution-
aqueous solution systems: Volume changes, reactions paths and end-points using the example 
of model salt systems. American Journal of Science 311, 211-236. 
Pöml, P., Menneken, M., Stephan, T., Niedermeier, D., Geisler, T. and Putnis, A. (2007) 
Mechanism of hydrothermal alteration of natural self-irradiated and synthetic crystalline 
titanate-based pyrochlore. Geochimica et Cosmochimica Acta 71, 3311-3322. 
Porod, G. (1951) Die Röntgenkleinwinkelstreuung von dichtgepackten kolloiden Systemen. 
Kolloid-Zeitschrift 124, 83-114. 
Porod, G. (1952) Die röntgenkleinwinkelstreuung von dichtgepackten kolloiden systemen. ii. teil. 
Kolloid-Zeitschrift 125, 108-122. 
Potton, J., Daniell, G., Eastop, A., Kitching, M., Melville, D., Poslad, S., Rainford, B. and Stanley, 
H. (1983) Ferrofluid particle size distributions from magnetisation and small angle neutron 
scattering data. Journal of Magnetism and Magnetic Materials 39, 95-98. 
Potton, J., Daniell, G. and Rainford, B. (1988a) A new method for the determination of particle 
size distributions from small-angle neutron scattering measurements. Journal of Applied 
Crystallography 21, 891-897. 
Potton, J., Daniell, G. and Rainford, B. (1988b) Particle size distributions from SANS data using 
the maximum entropy method. Journal of Applied Crystallography 21, 663-668. 
Prissel, K.B., Krawczynski, M.J. and Van Orman, J.A. (2020) Fe–Mg and Fe–Mn interdiffusion 
in ilmenite with implications for geospeedometry using oxides. Contributions to Mineralogy 
and Petrology 175, 1-17. 
Putnis, A. (2002) Mineral replacement reactions: from macroscopic observations to microscopic 
mechanisms. Mineralogical Magazine 66, 689-708. 
195 
 
Putnis, A. (2009) Mineral replacement reactions. Reviews in mineralogy and geochemistry 70, 87-
124. 
Putnis, A. (2014) Why mineral interfaces matter. Science 343, 1441-1442. 
Putnis, A. (2015) Transient porosity resulting from fluid–mineral interaction and its consequences. 
Rev Mineral Geochem 80, 1-23. 
Putnis, A. and Austrheim, H. (2010) Fluid-induced processes: metasomatism and metamorphism. 
Geofluids 10, 254-269. 
Putnis, A. and John, T. (2010) Replacement Processes in the Earth's Crust. Elements 6, 159-164. 
Putnis, A., Putnis, C. and Giampaolo, C. (1994) The microtexture of analcime phenocrysts in 
igneous rocks. European Journal of Mineralogy 6, 627-632. 
Putnis, A. and Putnis, C.V. (2007) The mechanism of reequilibration of solids in the presence of 
a fluid phase. Journal of Solid State Chemistry 180, 1783-1786. 
Putnis, C.V., Geisler, T., Schmid-Beurmann, P., Stephan, T. and Giampaolo, C. (2007) An 
experimental study of the replacement of leucite by analcime. American Mineralogist 92, 19-
26. 
Putnis, C.V. and Mezger, K. (2004) A mechanism of mineral replacement: Isotope tracing in the 
model system KCl-KBr-H2O. Geochimica et Cosmochimica Acta 68, 2839-2848. 
Putnis, C.V., Tsukamoto, K. and Nishimura, Y. (2005) Direct observations of pseudomorphism: 
compositional and textural evolution at a fluid-solid interface. American Mineralogist 90, 
1909-1912. 
Qian, G., Brugger, J., Skinner, W.M., Chen, G. and Pring, A. (2010) An experimental study of the 
mechanism of the replacement of magnetite by pyrite up to 300 C. Geochimica et 
Cosmochimica Acta 74, 5610-5630. 
196 
 
Qian, G., Brugger, J., Testemale, D., Skinner, W. and Pring, A. (2013) Formation of As (II)-pyrite 
during experimental replacement of magnetite under hydrothermal conditions. Geochimica et 
Cosmochimica Acta 100, 1-10. 
Qian, G. Xia, F., Brugger, J., Skinner, W.M., Bei, J., Chen, G. and Pring, A., (2011) Replacement 
of pyrrhotite by pyrite and marcasite under hydrothermal conditions up to 220 ˚C: an 
experimental study of reaction textures and mechanisms. American Mineralogist, 96, 1878-
1893. 
Radlinski, A.P. (2006) Small-angle neutron scattering and the microstructure of rocks. Reviews in 
Mineralogy and Geochemistry 63, 363-397. 
Radliński, A., Boreham, C., Lindner, P., Randl, O., Wignall, G., Hinde, A. and Hope, J. (2000) 
Small angle neutron scattering signature of oil generation in artificially and naturally matured 
hydrocarbon source rocks. Organic Geochemistry 31, 1-14. 
Rajabpour, S., Abedini, A., Alipour, S., Lehmann, B. and Jiang, S.-Y. (2017a) Geology and 
geochemistry of the sediment-hosted Cheshmeh-Konan redbed-type copper deposit, NW Iran. 
Ore Geology Reviews 86, 154-171. 
Rajabpour, S., Behzadi, M., Jiang, S.-Y., Rasa, I., Lehmann, B. and Ma, Y. (2017b) Sulphide 
chemistry and sulfur isotope characteristics of the Cenozoic volcanic-hosted Kuh-Pang copper 
deposit, Saveh county, northwestern central Iran. Ore Geology Reviews 86, 563-583. 
Ram, R., Kalnins, C., Pownceby, M.I., Etschmann, B., Fu, W., and Brugger, J. (2021) Selective 
radionuclide co-sorption onto natural minerals in environmental and anthropogenic 
conditions. Journal of Hazardous Materials, 409, 124989, 13 pp. 
Ramdohr, P. (1969) The ore minerals and their intergrowths. International Series of Monographs 
on Earth Sciences. Pergamon Press, Oxford, 1174 p. 
197 
 
Ramdohr, P. (1980) The ore minerals and their intergrowths. Berlin. 
Raufaste, C., Jamtveit, B., John, T., Meakin, P. and Dysthe, D.K. (2011) The mechanism of 
porosity formation during solvent-mediated phase transformations, Proceedings of the Royal 
Society of London A: Mathematical, Physical and Engineering Sciences. The Royal Society, 
pp. 1408-1426. 
Rehm, C., Brûlé, A., Freund, A.K. and Kennedy, S.J. (2013) Kookaburra: the ultra-small-angle 
neutron scattering instrument at OPAL. Journal of Applied Crystallography 46, 1699-1704. 
Reich, M. and Vasconcelos, P.M. (2015) Geological and economic significance of supergene metal 
deposits. Elements 11, 305-310. 
Rendón-Angeles, J., Pech-Canul, M., López-Cuevas, J., Matamoros-Veloza, Z. and Yanagisawa, 
K. (2006) Differences on the conversion of celestite in solutions bearing monovalent ions 
under hydrothermal conditions. Journal of Solid State Chemistry 179, 3645-3652. 
Rendon-Angeles, J., Yanagisawa, K., Ishizawa, N. and Oishi, S. (2000) Conversion of calcium 
fluorapatite into calcium hydroxyapatite under alkaline hydrothermal conditions. Journal of 
Solid State Chemistry 151, 65-72. 
Rivera, S., Alcota, H., Frontecilla, C. and Kovacic, P. (2009) Supergene modification of porphyry 
columns and the application to exploration with special reference to the southern part of the 
Chuquicamata District, Chile. Supergene Environments, Processes, and Products, 3. 
Robb, J. (2005) Hydrothermal ore forming processes. Introduction to ore forming processes. 
Johannesburg, Black well Publishing Company, 129-214. 
Robb, L. (2004) Introduction to ore-forming processes. Blackwell Publishing. 
Robb, L. (2013) Introduction to ore-forming processes. John Wiley & Sons. 
198 
 
Roberts, W. (1963) The low temperature synthesis in aqueous solution of chalcopyrite and bornite. 
Economic Geology 58, 52-61. 
Rubatto, D. (2017) Zircon: the metamorphic mineral. Reviews in mineralogy and geochemistry 
83, 261-295. 
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Porosity generation is a common feature of mineral-fluid 
reactions and it contributes to the formation of orebodies by 
providing efficient pathways for pervasive hydrothermal fluids to 
move within the Earth’s Crust. However, such reaction-induced 
porosity is dynamic and its evolution during and after mineral-fluid 
reactions is still poorly understood. Here we studied the porosity 
evolution during the hydrothermal replacement of bornite 
(Cu5FeS4) by secondary copper sulphide minerals using combined 
(ultra) small-angle neutron scattering (USANS/SANS) 
measurements and microscopic textural examinations.  
Samples reacted under hydrothermal conditions (180-200 °C, 
pH 1) for various reaction durations (up to 60 days) were measured 
by USANS/SANS under both dry conditions and after filling the 
open pores with contrast matching H2O/D2O fluid. This enabled the 
quantification of total porosity (dry measurements), closed porosity 
(wet measurements), open porosity (total minus closed) and pore 
size distributions.  
All samples contained pores with very broad size distributions 
from nano to micrometre. Nearly all small pores (<20 nm) were 
closed while larger pores were mostly open. The initially porous 
bornite was replaced with less porous secondary copper sulphide 
minerals. Once partially reacted, porosity dropped, but with the 
progressive replacement, porosity increased again, reaching a 
maximum at complete replacement, and then slowly dropped again, 
showing porosity creation during the replacement and evolution 
after the replacement reaction. At longer annealing times (50 days 
after complete replacement), the abundance of small pores (<50 
nm) decreased while larger pores increased, suggesting the 
coarsening of small pores as the alteration advances and porosity 
evolution continued even when the phase abundance didn’t 
significantly change. This study provides insights about porosity 
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Mineral porosity and the related permeability provides 
pathways for hydrothermal fluids flow in the Earth’s crust. Hence, 
knowledge of porosity creation and evolution is crucial for 
understanding ore deposition. Much of mineral porosity is created 
by fluid-mineral reactions, yet the mechanism is not clearly known. 
We carried out a quantitative study on mineral porosity during 
mineral replacement of nonporous pentlandite ((Fe,Ni)9S8) by 
porous violarite ((Fe,Ni)2S4) under laboratory hydrothermal 
conditions at 125 °C and pH 4. The reaction progress and crystallite 
size were determined by Rietveld analyses of synchrotron powder 
X-ray diffraction and the porosity was characterized by (ultra) small 
angle neutron scattering (USANS/SANS) and scanning electron 
microscopy (SEM). USANS/SANS provided total porosity, pore 
size distribution, and open/closed pore ratio (using contrast 
matching fluids), while SEM showed pore geometry and spatial 
distribution. The results showed that violarite contains a wide size 
range of pores from nano to micrometres; most pores are open while 
those below ~10 nm are mainly closed. The nano pores became 
more abundant with the advancement of replacement up to 80% 
pentlandite was replaced by violarite, then the nano pores started to 
connect with each other forming nano-/micro-channels, which 
remained unchanged even after 4 weeks of complete replacement. 
Violarite crystal size increased during the replacement, probably 
indicating epitaxial growth processes; but crystal size did not 
change after complete replacement, suggesting no or extremely 
slow Ostwald ripening, which is in agreement with natural violarite 
that often have similar pore texture and crystallite size. This 
quantitative examination of reaction-induced porosity has provided 
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The formation and alteration of mineral assemblages often 
involve mineral replacement reactions. Solid-state diffusion 
received more attention in the early years as the responsible 
mechanism, while recent studies acknowledged the interface-
coupled dissolution-reprecipitation (ICDP) mechanism. In the 
presence of a fluid phase and at low temperatures (e.g., <300 °C), 
numerous experiments demonstrated the dominating role of ICDP 
in mineral replacement processes. This is expected because in most 
minerals, solid-state diffusion is too slow at low temperatures.  
However, our experiments on the hydrothermal replacement of 
endmember bornite (Cu5FeS4) by copper sulfides demonstrated that 
the rate of solid-state diffusion is comparable to the rate of 
dissolution-reprecipitation processes, at 160-200 °C. The 
experiments initially produced chalcopyrite lamellae rapidly. The 
lamellae were homogeneously distributed in bornite and each 
lamella was enveloped by digenite. The lamellae were formed by 
solid-state diffusion since there is no evidence for fluid entering 
nonporous bornite during lamellae formation. We suggest that the 
solid-state lamellae exsolution was induced by the fluids 
surrounding the mineral grains. This is because in the absence of 
fluid, no lamellae were formed, and because both the exsolution rate 
and lamellae size were sensitive to the composition of the fluids. In 
parallel to lamella exsolution, ICDP reactions proceeded from the 
surface to the interior of the grains or along the fractures, replacing 
chalcopyrite by digenite, and digenite by covellite and/or 
chalcocite, depending on the experimental conditions. 
This study highlights that in some cases hydrothermal fluids can 
initiate and control solid-state diffusion processes, i.e., exsolution, 
and that mineral replacement can be a result of solid-state diffusion 
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Abstract: A flow-through reaction cell has been developed for studying minerals leaching by in-situ time-
resolved powder X-ray diffraction, allowing for a better understanding of the leaching mechanisms and 
kinetics. The cell has the capability of independent control of temperature (up to 95 °C) and flow rate (> 
0.5 mL min−1) for atmospheric pressure leaching. It was successfully tested at the powder diffraction 
beamline at the Australian Synchrotron. Galena powder was leached in a citrate solution under flow-
through condition at a flow rate of 0.5 mL min−1, while diffraction patterns were collected during the entire 
leaching process, showing rapid galena dissolution without the formation of secondary mineral phases. 
The flow-through cell can be used to study leaching processes of other ore minerals. 
Keywords: flow-through cell; in-situ PXRD; galena leaching 
 
1. Introduction 
A clear understanding of the mechanism and kinetics of mineral leaching is important for further 
optimization of leaching parameters [1–4]. Leaching is commonly studied by ex-situ techniques, which 
involve the recovery of leached products by cooling and filtration and subsequent characterization [3–7]. 
Ex-situ techniques provide valuable information, but the results may not reflect the true mechanism of 
leaching because samples may have changed during recovery. On the other hand, in-situ techniques 
characterize reaction products under leaching conditions [8–11], avoiding the problems experienced by ex-
situ techniques. Hence, in-situ techniques are important complementary tools to ex-situ techniques for a 
complete understanding of the leaching reactions. 
There are a number of in-situ techniques, capable of studying the solution phase by X-ray absorption 
spectroscopy [12] and Raman spectroscopy [13], and solid phase by transmission electron microscopy [14], 
atomic force microscopy [15], neutron diffraction [16–18], and powder X-ray diffraction (PXRD) [19–22]. 
In-situ PXRD in the presence of an aqueous solution can reveal the phase evolution of the crystalline 
materials and has been applied extensively in materials chemistry for elucidating crystallization 
mechanisms of hydrothermal materials syntheses [23–28]. This technique has also been applied in studying 
mineral leaching, but mostly under static conditions using glass capillary tubes [8–11]. 
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For in-situ PXRD studies of mineral leaching, flow-through reaction cells are particularly useful for 
achieving a wider range of solid/solution ratios to mimic various types of leaching conditions. For this 
purpose, a number of flow-through cells have been reported [8,29–31]. Some of them were specifically 
designed for electrochemical reactions at room temperatures [32,33], and have been demonstrated in 
studying electrochemical reaction in ion-selective electrodes [29,34], and electrochemical oxidation of 
copper [32]. Some cells were designed to flow the solution through a flat substrate [8,35], and have been 
used for studying scale formation on a steel substrate mimicking Bayer processing condition at 70 °C [8], 
and the evolution of PbO2/PbSO4 surface layers during copper electrowinning on a Pb anode substrate at 
45 °C [35]. For higher temperatures, a reflux flow-through cell using polytetrafluoroethylene (PTFE) 
membrane as the sample holder was developed and demonstrated by crystallization of titanium phosphate 
at up to 175 °C [30]; however, the cell was not designed to control flow rate or to hold pressure, so the solid 
materials may react with vapor instead of aqueous solution above the boiling point of the solvent. 
Compared with reflection mode flow-through cells, transmission mode cells can avoid signals from the 
substrate. For this, a flow-through cell using a glass capillary tube has been developed [31], and has been 
used to study Cu isotope fractionation during bornite dissolution [36], Cs exchange into hexagonal H-
birnessite [37], chalcopyrite dissolution [10], and oxidative dissolution of chalcocite and covellite [31], but 
all at room temperatures. 
Many minerals leaching processes are conducted at non-ambient temperatures and controllable flow 
rates. To meet these conditions, we have designed a flow-through cell setup and demonstrated its in-situ 
PXRD capability for minerals leaching at the Australian Synchrotron, Melbourne, Australia. 
 
2. The Flow-Through Cell Setup 
The design of the flow-through cell setup is shown in Figure 1 and a photograph of the set-up is shown 
in Figure 2. The leaching solution is pre-heated in a solution reservoir by a hot plate under stirring and 
pumped by a peristaltic pump through flexible tubing and flow through the mineral sample in the sample 
cell. The temperature of the sample cell is maintained by a hot air blower underneath the sample section. 
After reacting with the mineral sample and flowing out of the sample cell, the leaching solution returns to 
the solution reservoir, completing a closed loop. PXRD patterns are continuously collected during solution-
mineral reactions in the sample cell, achieving in-situ monitoring of dissolution/crystallization processes. 






Figure 1. Schematic diagram of the flow-through cell experimental apparatus. Blue arrows show the flow direction. 
 
 
Figure 2. Photo of the flow-through cell setup at the Powder Diffraction beamline at the Australian Synchrotron. 
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The design of the sample cell is shown in Figure 3. It consists of an open-end capillary tube (Figure 
3b), two 316 stainless steel fittings (one T-piece and one straight piece), and an aluminum frame to hold the 
two fittings. The capillary tube is made of either silica glass or sapphire and is 50 mm long, 1.0–1.3 mm in 
internal diameter, and 0.1 mm in wall thickness. Silica glass is stable under acidic to mild alkaline 
conditions (e.g., pH < 9), while sapphire is inert under higher pH conditions. On each end of the tube, a 
PTFE ferrule is glued onto the tube using superglue. The powder sample (~3 mm long) is loaded into the 
middle section of the tube, and the sample position is fixed by adding a silica glass wool plug on both sides 
of the sample. The capillary tube is fixed to the two 316 stainless-steel fittings. The sealing on each side is 
by cone/cone seal between the cone surface of the ferrule and the cone surface of the ports of the fittings. 
Both fittings are fixed to an aluminum frame. The T-piece fitting is for solution inlet and the straight fitting 
is for solution outlet. The assembled sample cell can be fixed horizontally to the goniometer head spinner 
of the X-ray diffractometer (Figure 2 inset). A second set of T-piece and straight piece fittings were made 
by Hastelloy for more corrosive leaching conditions that are not manageable by 316 stainless steel. 
The solution reservoir is a 500 mL borosilicate glass bottle with four ports on the lid, one for solution 
delivering tubing inlet, one for solution delivering tubing outlet, one for a K-type thermocouple, and one 
for pressure equalization using a 0.2 μm membrane filter. The reservoir was insulated using a silver foil air 
bubble wrap, in which a small window (20 × 80 mm) was cut to allow flow observation during in-situ PXRD 
experiments. The solution in the reservoir was pre-heated under magnetic stirring using a hotplate stirrer 
(IKA RCT basic). 
The peristaltic pump (Thermo Scientific FH 100) has a flow capacity of 0.5–300 mL min−1. For the in-
situ PXRD setup, a low flow rate (e.g., 0.5–2 mL min−1) is required for the small diameter of the capillary 
tube. The solution was circulated through the reaction system using Norprene tubing, a polypropylene-
based tubing that is appropriate for the acidic solution and has a temperature rating between −59 °C to 135 




Figure 3. Photos of (a) the sample cell, and (b) capillary tube. 
 
3. In-Situ PXRD of Galena Leaching 
The flow-through-cell was tested at the powder X-ray diffraction beamline at the Australian 
Synchrotron using an X-ray beam energy of 21 keV (λ=0.5904 Å). An in-situ PXRD experiment on galena 
leaching was carried out under the condition summarized in Table 1. A high-purity galena specimen from 
Quiruvilca Mine, Santiago de Chuco Province, La Libertad, Peru, was used [6,38]. The galena was ground 
to less than 38 μm, controlled by a 38 μm sieve. To reduce X-ray micro-absorption by Pb, galena was diluted 
by mixing with inert silica glass powder (also < 38 μm). The solid packing ratio is 20% (determined using 
a 10 mL bottle) in the mineral sample position of the capillary (Figure 3b), and the volume ratio between 
galena and silica powder is 1:9. This means only 2% volume of the sample position of the capillary was 
occupied by galena, resulting in a low total X-ray microabsorption (mμR=0.91). 
The lixiviant was prepared using Milli-Q water and reagent-grade chemicals, including H2O2 (30%, 





Table 1. Summary of leaching condition. 
Parameter Value 
Mineral Galena (PbS) 
Particle size < 38 μm 
Lixiviant 0.08 M citric acid + 0.92 M trisodium citrate + 0.75 M H2O2 
Solution pH 6 
Flow rate 0.5 mL min−1 
Temperature 35 °C 
Leaching time 48 min 
 
Before the in-situ PXRD experiment, the temperature of the hot air blower was calibrated based on the 
polymorphic phase transition from orthorhombic to trigonal KNO3 at 128 °C. For the in-situ PXRD 
experiment, as soon as the solution was pumped through the sample at 35 °C, data acquisition started Each 
PXRD pattern was collected for 2 min, using a Mythen position-sensitive detector in the 2θ range of 1–81°, 
under the Debye-Scherrer geometry. The sample cell was set to oscillate over 45° with a frequency of 0.07 
Hz (Video S1 in Supplementary Materials), for uniform heating, minimizing the preferred orientation 
effect, and improving particle statistics. During the in-situ PXRD experiment, temperature of the solution 
reservoir, solution level in the reservoir, and flow rate (Video S2 in Supplementary Materials) were 
monitored using a web camera, while temperature of the hot air blower (e.g., the sample section) was 
recorded in the diffraction files. 
Figure 4 shows the PXRD patterns during the in-situ leaching of galena. A systematic reduction in 
galena peak intensity with time suggests progressive dissolution of galena. Galena peaks disappeared after 
14 min, suggesting rapid leaching under the studied condition. This agrees with rapid leaching of galena 
reported in an ex-situ study under similar conditions [38]. 
The data quality was good, suggesting effective minimization of microabsorption by dilution. As an 
example, the first dataset is shown in Figure 5. Rietveld-based analysis was conducted on this dataset using 
Topas Academic v6.0. The detector zero shift was determined by refining a Lab6 standard (NIST SRM 660b). 
The background was modeled using a 5th order polynomial function, and the peak shape was modeled 
using a Pseudo-Voigt function. The broad peak centered at about 8° is from the amorphous silica tube, 
silica powder, and leaching solution, and was treated as background. The unit cell parameters of galena 
were refined, starting from the crystal structure of galena, #9008694, obtained from the Crystallography 
Open Database (COD) [39]. The value a=b=c=5.9372 Å is similar to the reported value, a=b=c=5.9362 Å [39]. 
Preferred orientation was observed as the intensity of the (200) peak at 11.4° is higher than expected (Figure 








Figure 5. Rietveld refinement of the first dataset from the in-situ PXRD experiment. 
 
4. Conclusions 
In this study, a flow-through cell was designed for in-situ PXRD studies of minerals leaching. The cell 
was successfully tested at the Australian Synchrotron using galena leaching at 35 °C by 0.75 M H2O2 in a 
pH 6 citrate buffer solution, under a flow rate of 0.5 mL min−1. The results showed rapid galena dissolution. 
The test demonstrated the ability of the flow-through cell for performing leaching experiments in which 
the solid is kept in the sample cell as the stationary phase, and the desired amount of solution circulates 
through the sample. The flow-through cell can be used to study leaching of other ore minerals by in-situ 
PXRD. 
Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Video S1: cell oscillation, 
Video S2: flow monitoring. 
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